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AUTHOR'S  PREFACE. 


In  the  composition  of  this  work  the  aut!ior  haa  had  in  view  the 
satisfection  of  those  wlio  desire  to  obtaia  a  knowledge  of  the  elements 
of  physics  without  piirsuing  them  through  their  mathematical  conse- 
quences and  details.  The  methods  of  demonsfrafion  and  illustration 
havo  accordingly  teen  adapted  to  such  readers. 

The  present  volume  will,  it  is  hoped,  be  understood,  without  diffi- 
culty, by  all  persona  of  ordinary  education,  and  may,  with  some  aid 
from  the  teacher,  be  with  advantage  placed  in  tte  hands  of  pupils  in 
the  higher  classes  of  the  scliools  for  cither  sex. 

The  work  has  been  also  composed  with  the  object  of  supplying 
that  information  relating  to  physical  and  mechanical  science,  which  is 
required  by  the  Medical  and  Law  Student,  the  Engiaeer,  and  Artisan, 
by  those  who  ate  preparing  for  the  universities,  and,  in  fine,  by  those, 
who,  having  already  entered  upon  the  active  pursuits  of  business,  are 
still  desirous  to  sustain  and  improve  their  knowledge  of  the  general 
truths  of  physics,  and  of  those  laws  by  which  the  order  and  stability 
of  the  material  world  are  maintained. 

The  second  course  will  contain  Heat,  Electricity,  Magnetism,  and 
Astronomy. 
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NATURAL    PHILOSOPHY. 


BOOK  THE  FIRST. 

PROPERTIES    OF   MATTER. 


DIVISION  OE   THE   STTBJECT. 

1.  The  material  world,  the  bodies  which  compose  it,  and  tbeir 
qualities  and  properties,  form  the  Bulijects  of  oontemplation  and  in- 
quiry to  the  natural  philosopher. 

Among  these  properties,  the  most  important  are  the  followicg: — ■ 

1.  Magnitude  and  Form, 

2.  States  oe  Aggeeoation. 

3.  iMPENETa ABILITY. 

4.  Divisibility. 

5.  Porosity  and  Density. 

6.  Compressibility  and  Co.vteactibility. 
7-  Elasticity  and  Dilataeility. 

8.  ISAOTiVITY. 

9.  Specific  Properties, 

We  shall  therefore,  in  tie  present  book,  explain  and  illustrate 
those  qnalitiea. 
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PROPERTIES  OF  MATTER. 


MAGSITUDE  AND  I 


2.  The  idea  of  magnitude  is  so  simple  that  any  attempt  to  explaia 
it  by  deliciition  would  oaly  tend  to  obscurity. 

Magnitude  is  either  linear,  superficial,  or  solid. 

3.  Linear  magnitade  is  length  or  distance.  Length  or  distance 
is  expressed  numericalSy  by  means  of  some  unit ;  the  uait  adopted 
being,  as  a  matter  of  conyeuieuce,  small  or  great,  according  to  the 
magnitude  of  the  length  or  distance  to  be  expressed.  Thus,  we  say, 
tbe  side  of  this  leaf  is  so  many  inches,  the  length  of  the  room  is  so 
maxiy  feel,  the  distance  from  London  to  New  York  is  so  many  miles. 

4.  Superficial  magnitude,  sometimes  called  area,  has  length  and 
breadth.  Its  quantity  is  expressed  by  so  many  square  inches,  so 
many  square  feet,  or  so  many  square  miles.  Thus,  we  say,  the  area 
or  superficial  contents  of  this  page  of  paper  is  so  many  square  inches, 
the  floor  of  this  room  is  so  many  square  feet,  and  the  entire  surface 
of  the  earth  is  so  many  square  miles. 

5.  Solid  magnitude  has  length,  breadth,  and  depth,  height  or 
thickness. 

Its  quantity,  sometimes  called  its  volume,  is  expressed  by  so  many 
cubic  inches,  ao  many  culic  feet,  or  so  many  cubic  miles.  Thus, 
we  say,  the  volnme  of  this  book  is  so  many  cubic  inches,  the  volume 
of  this  room  is  so  many  cuMc  feet,  and  the  volume  of  the  terrestrial 
globe  is  so  many  cubic  miles. 

6.  The  soUd  magnitude  or  volume  of  a  body,  is  the  space  which 
that  body  occupies  or  fills. 

7.  The  form,  figure,  or  shape  of  a  line,  surfiice,  or  solid,  depends 
upon  the  relative  position  of  its  parts  or  lunita. 

Two  lines  may  be  of  equal  length,  while  they  differ  in  form,  shape, 
or  figure,  Thus,  the  are  of  a  circle  and  a  straight  line  may  both 
measure  a  foot  in  length,  while  their  figure  or  shape  is  difierent. 
Again,  two  lines  may  have  the  same  form  or  figure,  but  very  differ- 
ent lengths :  thus,  the  two  straight  lines  which  form  the  edges  of 
this  page  have  the  same  form,  both  being  straigM,  but  they  have 
different  lengths.  In  like  manner,  two  different  arcs  of  the  same 
circle  will  have  like  forms  but  different  lengths,  and  two  arcs  of  dif- 
ferent circles  may  have  ecjual  lengths,  and  will  both  be  curved  and 
both  circular,  but  they  will,  nevertheless,  have  different  forms,  inas- 
much as  the  curvature  of  one  will  be  grealer  than  that  of  the  other. 

8.  SoUd  bodies  ai^  bounded  by  surfaces.  Thus,  a  globe  is  in- 
cluded within  its  sphorical  sui  facej  a  cube  is  included  within  six  plane 
square  euifacea. 
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STATES   OF   AGGREGATION,  2/ 

9.  Surfaces  are  bounded  by  lines.  Tbu3  the  Burface  of  fcbi-J  pags 
is  bounded  by  four  straight  liaea,  formiag  ita  edges ;  the  surface  of  a 
oirole  is  bounded  by  the  line  called  its  circumfereace, 

10.  Magnitude  is  imlimited  as  well  in  Us  increase  as  it  tfs  dimi- 
nution. 

There  is  bo  magnitude  so  great,  that  we  cannot  conceive  a  giciter, 
and  none  so  smail,  that  we  cannot  conceive  ftemallei". 

The  diameter  of  the  earth  measures  about  8000  miles ,  but  it  la 
very  soiiill  compared  to  the  diameter  of  the  snitj  which  measiue? 
nearly  900,000  miles;  and  this,  again,  ia  iteclf  very  small  compiled 
,  with  the  distance  between  the  eax-th  aud  tie  sun,  which  measures 
little  less  than  100,000,000  of  miles;  and  even  this  last  =vaoe,  giert 
as  it  is,  vanishes  to  notiung,  compared  with  the  distance  between  tha 
sun  and  the  fixed  stars. 

11.  In  like  manner,  there  ia  no  limit  to  the  diminution  of  which 
magnitude  is  susceptible. 

There  is  ao  line  so  small,  that  it  may  not  be  bisected,  or  halved, 
or  reduced,  in  any  desued  proportion. 

Let  P  1  (fig.  1.)  be  a  line  of  any  propc^ed  length,  as  for  example, 
the  tenth  of  an  inch. 

Draw  P  0  at  right  angles  to  it;  and 
a  line  1,  10  parallel  to  P  0.  Take 
upon  this  line  distances  1,  2,  3,  4,  &c. 
successively  equal  to  P  0  :  the  line  0  2 
will  cut  off  half  P  1 ;  o  3  will  out  off 
one-third  of  p  1 ;  o  4  will  cut  off  one- 
fourth  of  it ;  o  5  one-fifth,  and  so  on. 
'"^' '"  Now,  as  there  is  no  limit  to  the  num- 

ber of  equal  parts  that  may  be  t^en  successively  on  the  parallel 
1,  10,  so  there  is  no  fraction  so  minute,  that  a  more  minute  one  may 
not  be  cut  from  the  line  P 1. 


CHAP.    III. 

STATEa   OP  AGGREOATION. 

12.  Bodies  consist  of  parts  similar  to  the  whole.  — All  bodies  con- 
sist of  component  parts,  similar  in  their  qualities  to  the  whole,  and 
into  which,  as  will  presently  be  shown,  they  are  separable  or  divisible. 
Thus,  a  mass  of  metal  may  be  reduced  to  powder,  by  filing,  grinding, 
and  a  variety  of  other  expedients ;  each  particle  of  this  powder  will 
have  the  same  qualities  as  the  entire  mass  of  metal  of  which  it  con- 
Bldtated  a  part. 
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13.  Solid,  liquid  and  gaseous  slates  — These  component  parts 
of  bodies  are  observe  I  to  esii^t  m  threp  diitmct  states  of  aggiegation 
Vfticli  are  distinguished  in  mechanieTl  aoieiioe  by  tbe  term  solid, 
liquid,  and  gaseous 

li.  Solid  state.  —  A  solid  body  is  one  of  which  the  component 
parts  cobete  with  such  force,  that  it  miiatams  its  figure,  unle'js  "vh 
laitted  to  some  action  more  ox  ieas  Tioient,  by  which  it  will  bi,  frac. 
turcd,  bruised,  or  otLeiwise  chinged  in  t  im  Tliia  a  solid  loly 
laid  upon  a  plane  buifice  will  lest  upon  it  m  anj  pooition  without 
dropping  asunder  by  the  tcndi-noy  of  the  wti^lit  of  its  component 
parts  to  separate  thcra 

Stones,  metals,  uood,  are  eximples  o£  solids 
16.  Liquid  state.  —  A  liquid  body  ia  one  of  which  the  component 
parts  do  not  cohere  with  sufficient  force  to  provent  their  separation 
by  the  mere  influence  of  their  weight. 

Thus,  a  mass  of  liquid  placed  upon  a  plane  will  separate  by  the 
separate  weights  of  its  particles,  and  will  spread  itself  in  a  film,  more 
or  less  thin,  oyer  the  surface  of  the  plane. 

If  placed  in  a  vessel  within  which  it  ia  confined  by  a  bottom  and 
sides,  it  will  flow  into  all  the  inferior  parts  of  the  vessel,  and  its 
surface  will  become  level  j  for  if  any  part  of  such  surftioe  were  more 
elevated  than  another,  the  particles  forming  such  elevation  would  fall 
down  by  their  own  weight  to  tho  level  of  others. 

16.  Pulverized  stale  differs  from  Uqtdd  stale.  —  Solids  in  a  state 
of  pulverization  must  not  be  confounded  with  liquids,  in  the  pro- 
perties of  which  they  do  not  participate.  Sand  or  dust  consists 
of  a  great  number  of  small  solids,  each  of  which  has  the  qualities  of 
a  solid  as  definitely  as  the  largest  mass  of  rock.  If  the  particles  of 
such  sand  or  dust  be  esaminea  with  a  microscope,  they  will  be  found 
to  have  different  forms,  to  be  bounded  by  surfaces  and  lines,  and  to 
maintain  their  figure  in  virtue  of  the  cohesion  of  the  particles  of 
which  they  severiJly  consist. 

17.  Gaseous  siate.  —  A  body  in  the  gaseous  or  aeriform  state  is 
one  whose  component  particles  not  only  are  not  held  together  by 
mutual  cohesion,  but  have  towards  each  other  a  repulsion,  in  virtue 
of  which  they  will  separate,  so  that  the  whole  mass  has  a  power  of 
expansion  to  which  there  is  no  known  limit. 

18.  Atmospheric  air  an  example.  —  Atmospheric  air  is  the  most 
familiar  example  of  this  state  of  body.  If  we  suppose  a  quantity  of 
air  to  be  confined  in  a  cylinder  under  a  piston  which  moves  in  the 
cylinder  air-tight,  such  piston  being  drawn  upwards,  so  as  to  give  the 
air  included  in  the  cylinder  augmented  room,  the  air  will  not  rest  in 
the  bottom  of  the  cylinder,  as  the  same  volume  of  liquid  would  do, 
leaving  vacant  the  space  above  it,  but  it  wilt  expand  in  virtue  of  the 
repulsive  force  already  mentiiined,  which  prevails  among  its  particlcSj 
and  it  will  fill  the  entire  augmented  space  under  the  piston. 
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To  this  expansion  there  is  no  praetieal  limit;  such  a  piaton  may 
he  indefinitelj  raised,  producing  an  indefinitely-increased  apMe  iu  the 
cylinder  under  it,  and  the  air  will  still  continue  to  espand,  so  as  to 
fill  this  space  to  whatever  extent  it  be  increased. 

19.  Olher  gaseous  examples.  —  Atmospheric  air,  as  will  te  seen 
hereafter,  ia  by  no  means  the  only  example  of  bodies  in  the  ^eous 
form.  Innumerable  varieties  of  such  bodies  are  found  existing  in 
the  material  world,  and  still  greater  varieties  result  from  the  esperi- 
mental  operations  of  the  natural  philosopher  and  the  chemist. 

20.  TIte  same  body  may  enist  in  either  state.  —  There  are  nu- 
merous bodies  which  may  exist  in  any  of  these  three  states  of  solid, 
liquid,  or  gas,  according  to  certain  physical  conditions,  which  vrill  be 
explained  hereafter;  and  analogy  renders  it  probable  that  all  bodies 
whatever  may  assume,  under  different  conditions,  thrae  several  states. 

21.  Water  an  example.  —  Water  affords  a  familiar  example  of 
this :  as  ice  exists  in  the  solid  state,  as  water  in  the  liquid  state,  and 
as  steam  in  the  gaseous  state. 


mrESETRABILlTY. 

22.  ^n  matter  impenetrahle.  —  Impenetrability  ia  the  quality  iu 
vJttue  of  which  a  body  occupies  a  certain  space,  to  the  eseluslon  of 
all  other  bodies.  This  idea  is  so  inseparable  from  matter,  that  some 
writers  affirm  that  it  is  nothing  but  matter  itself;  that  is,  that  when 
wc  say  that  a  body  is  impenetrable,  we  merely  say  that  it  is  a  body. 

However  this  be,  the  existence  of  this  quality  of  impenetrability 
is  Sii  evident  aa  to  admit  of  no  other  proof  than  an  appeal  to  the 
senses  and  the  understanding.  No  one  can  conceive  two  globes  of 
lead,  each  a  foot  in  diameter,  to  occupy  precisely  the  same  place  at 
the  snme  time.  Such  a  statement  would  imply  an  absurdity,  mani- 
fest to  every  understanding. 

23  Gaseons  hodies  impenetrable.  —  Even  bodies  iu  the  gaseous 
form,  the  most  attenuated  state  in  which  matter  can  exist,  possess 
this  quality  of  impeaetrability  as  positively  as  the  most  hard  and 


24.  Air  an  example.  —  If  wo  invert  a 
and  plunge  its  mouth  in  water,  the  water  will  be  excluded  from  the 
glass,  in  spite  of  the  pressure  produced  by  the  weight  of  the  external 
water;  because  the. air  which  filled  the  glass  at  the  moment  of  im- 
mersion is  still  in  it,  and  its  presence  is  icoompatible  with  that  of 
any  other  body. 
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It  ia  true,  however,  that  in  thia  c!i'<e  the  w^tflr  will  rise  a  little 
ahoTe  tlie  mouth  of  the  gksa;  but  thia  effect  anaes  not  from  the 
penetrability  of  the  air,  but  from  another  qiiality,  viz.  its  compreisi- 
bility,  which  we  shall  presently  esplain. 

25.  Examples  of  apparent  penefrabiliiy  explained.  —  The  na- 
iuerou3  examples  of  apparent  penetration  which  will  present  them- 
selves to  all  observers  are  only  cases  of  displacement. 

26.  Walking  ikrough  tlie  air.  —  If  we  walk  through  the  atmos- 
phere, our  bodies  may  Ds  said  in  oiie  sense  to  penetrate  it;  but  they 
do  ao  only  in  tLe  same  manner  as  they  would  penetrate  a  liquid  in 
passing  through  it  They  dispWo,  as  they  move,  as  much  Mr  i^  ia 
equal  to  their  own  bulk 

'27.  Solid  plunged  la  hquid  — If  a  cambric  needle  be  plunged 
in  a  glass  of  water,  it  might  appear  to  the  common  mmd  that  pene 
tration  took  place,  but  it  is  evident  that  the  needle  displaces  a 
quantity  of  water  precisely  equal  to  its  own  bulk,  and  if  we  had  the 
means  of  measurmg  with  the  neorasary  piecision  the  portion  of  the 
surface  of  the  wafer  m  the  glass,  we  should  find  that  on  plunf,ing  the 
needle  in  the  liquid  the  surface  rises  thrruah  a  space  cunesponding 
preoiaely  to  a  quantity  of  watei  equal  in  volume  to  the  bulk  ot  tlie 
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28.  Divisibility  imUmiied.  —  As  aU  bodieS'  consist  of  parts  which 
are  similar  in  their  qualities  to  the  whole,  a  question  ariaea  whether 
there  is  any  limit  to  their  subdivision  or  comminution.  Are  there, 
in  short,  any  ultimate  particles  at  which  the  pieces  of  division  must 
cease'  or,  to  speak  more  correitly,  are  there  any  ultimate  particles 
so  constituted  that  any  fuitkei  division  would  resolve  them  into  parts 
diffrim§  in  qu  dity  from  the  entire  miss  ? 

^9  Water  //s  uUimale  atoms  Lompouttd.  — To  make  our  mean- 
ing undt,rt.tood,  let  no  take  tlie  example  of  the  moat  common  of  all 
^ubsf^nL,e'^,  water  The  discoveries  ot  modem  chemistry  have  dis- 
I  liised  the  fact  that  water  is  a  compound  body,  formed  by  the  eom- 
braition  of  two  gases,  called  oxygen  ind  hydrogen.  These  gases,  in 
thtir  aen=ible  properties  and  appearance,  are  similar  to  atmospheric 
an,  ind  hive  ne\er  separately  assumed  the  liquid  formj  but,  by 
Leitiin  means  whiib  will  be  explained  in  a  future  part  of  this  work, 
they  may  be  made  to  combine  and  coalesce,  aud  when  so  combined 
they  form  wafer 
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Hence  It  is  cevtaiE  that  the  liquid,  water,  consists  of  \tllimate  par- 
ticles, or  moleenlea,  as  thay  are  aometimes  eaUed ;  whioh  moleculea 
are  composed  of  particles  of  the  two  gases  above  mentioned  combined 
together. 

30.  Water  iieveTtlteless  diviBibU  without  practical  limit.  —  Now, 
the  question  is,  can  water  be  pKtotieally  ao  minutely  divided  that  ita 
particles  admit  of  no  further  subdi^sion,  save  aad  except  that  which 
would  resolve  them  into  their  oonstitnont  gases,  oxygen  and  hydrogen? 

To  this  it  is  answered,  that,  although  the  process  of  subdivision 
may  be  carried  to  aa  extent  which  has  no  practical  limit,  yet  that  by 
no  process  of  art  or  science  have  we  ever  even  approached  to  those 
ultimate  constituent  atoms  which  admit  of  no  other  division  save 
decomposition. 

31.  Otheriodries  likewise  diuisihle  without  practical  limit. — Nor 
is  this  unlimited  divisibility  and  comminution  peculiar  to  water.  It 
is  common  to  all  sulMtanees,  whether  solid,  liquid,  or  gaseous.  They 
may  aU  be  reduced  to  particles  of  the  most  unlimited  minuteness,  and 
yet  each  of  these  minute  particles  will  possess  the  same  qualities  aa 
the  largest  mass  of  the  same  substance. 

32.  Examples  of  divisibilily.  —  As  this  quality  of  unlimited  di- 
visibility involves  conditjons  of  .the  most  profound  interest,  as  well  in 
tho  sciences  as  in  the  aits,  we  shall  offer  here  several  examples  in 
illustration  of  it. 

33.  Example  I. — Pulverised  marile.  —  The  most  solid  bodies 
are  capable  of  unlimited  comminution,  by  a  variety  of  meohanical 
processes,  such  as  cutting,  filing,  pounding,  grinding,  &o.  If  a  mass 
of  marble  be  reduced  to  a  fine  powder  by  the  process  of  grinding,  and 
thia  powder  be  then  purified  by  careful  washing,  its  particles,  if  ex- 
amined by  a  powerftil  microscope,  will  be  found  to  consist  of  blocka 
having  rhomboidal  forms,  and  angles  as  perfect  and  aa  accurate  as 
the  finest  specimens  of  calcareous  spars.  Those  rhomboids,  minute 
as  they  are,  may  be  ngaan  broken  and  pulveriaed,  and  the  particles 
into  which  they  are  divided  will  stili  be  rhomboids  of  the  same  form 
and  posseting  the  same  character.  The  particles  of  such  powder 
being  submitted  to  the  most  powerful  microscopic  instruments,  and 
the  process  of  pulverization  being  pushed  to  the  utmost  practical  ex- 
treme, it  is  still  found  that  the  same  forms  are  reproduced. 

34.  Example  II.  —  Polished  surfaces  covered  witk  asperities. 
Diamond.  —  The  polish  of  which  the  surfaces  of  certain  bodies,  such 
as  steel,  the  diamond  and  other  precious  stones,  are  susceptible,  is  an 
evidence  at  once  of  the  limited  aensibility  of  our  organs,  and  the 
unlimited  divisibility  of  matter.  This  polish  is  produced,  as  is  well 
Jmown,  by  the  friction  of  emery  powdsv  or  diamond  dust,  and  con- 
sequently each  individual  grain  of  such  powder  or  dust  must  leave  a 
little  trench  or  trace  upon  the  surface  submitted  to  such  friction.  It 
is  evident,  therefore,  that  after  this  process  has  been  oompletedj  tho 
^-Sl       T 
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surface  wtioh  presents  to  tlie  senses  such  brilliant  polist,  and  ap- 
parently infinite  smoothness,  is  in  reality  covered  with  protuherancM 
and  indentations,  tte  height  and  depth  of  which  cannot  bo  leas  than 
the  diameter  of  the  particles  of  powder  hy  which  the  polish  has  heen 


35.  Example  III.  —  Gold  visible  on  touchstone.  —  In  the  clo- 
teetiou  of  matter  in  a  state  of  esfj^me  oommimitiouj  the  sense  of 
eight  is  infinitely  more  delicate  than  that  of  touch.  If  we  rub  a 
piece  of  gold  upon  a  touchstone,  we  plainly  see  the  particles  of  matter 
which  are  left  upon  the  surface  of  the  stone.  The  touch,  however, 
canuot  detect  them. 

36.  ExAMpiji  IV.  —  Minuteness  of  tubular  filmienls  of  glass. — 
In  the  preceding  examples  the  comminution,  however  great,  cannot 
be  easily  submitted  to  actual  measureoient.  Certain  prooessea,  how- 
ever, in  the  arts  enable  us  to  obtain  exact  numerical  estimates  of  a 
minute  divisibility,  which  without  thorn  might  appeal-  incredible.  If 
a  thin  tube  of  glass,  being  held  before  the  flame  of  a  blow-pipe  until 
the  glass  be  softened  and  acquire  a  white  heat,  be  drawn  end  from 
end,  a  thread  of  glass  may  be  obtained  so  fine  that  its  diameter  will 
not  eseeed  the  two-thousandth  part  of  an  inch.  Thisfilamentof  glass 
■will  have  all  the  fineness  and  almost  all  the  flexibility  of  silh,  and 
yet  a  bore  proportional  to  that  which  passed  through  the  ori^nal 
tube  will  still  pass  throngh  its  centre.  The  presence  of  this  bore 
inay  he  rendered  manifest  hy  passing  a  fluid  through  it. 

37.  Suck  a  f,Iament  might  penetrate  Ike  fiesh  vAthoul  producing 
pain.  —  It  has  been  ingeniously  conjectured,  that  if  a  filament  of 
this  degree  of  fineness  could  be  obtained  of  a  material  which  would 
retain  sufBeiont  inflexibility,  it  might  be  made  to  penetrate  the  flesh 
without  producing  either  pain  or  injury,  inasmuch  as  its  magnitude 
would  be  so  much  less  than  the  pores  of  the  integuments. 

38.  Example  V. —  WolJaston's  micromelric  wire. — In  the  ap- 
plication of  the  telescope  to  astronomical  purposes,  the  distance  be- 
tween objects  which  are  present  at  one  and  the  same  time  within  the 
field  of  view  of  the  instrament,  is  measured  by  fine  threads  which 
ai-e  extended  parallel  to  each  other  across  the  field  of  view,  and  which 
luay  be  moved  towards  and  from  each  other  until  they  are  made  to 
pass  through  the  objects  between  which  we  desire  to  measure  the 
distance.  An  experiment,  then,  which  determines  the  distance  bo- 
twoeu  these  threads  measures  the  distance  between  the  objects. 

But  these  threads,  being  placed  before  the  eye-glass  of  the  tele- 
scope, and  therefore  necessarily  magnified  in  the  same  manner  aa  the 
objects  themselves,  would,  unless  such  filaments  were  of  an  extreme 
degree  of  tenuity,  appear  in  the  field  of  view  like  great  broad  bands, 
and  would  conceal  many  of  the  objects  which  it  might  be  necessary 
to  observe.  It  was  therefore  necessary  to  resort  to  the  use  of  fila- 
ments of  extraordinary  minuteness  for  this  purpose.    The  threads  of 
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tie  ivoli  of  tlie  spider  were  used  witli  more  or  less  success ;  but  tic 
late  Dr.  WoUastou  iavented  a  beautiful  expedient  by  wbioh  nietallio 
threads  of  any  degree  of  fineness  might  bo  obtained. 

Let  us  suppose  a  piece  of  platinum  wire,  the  one-liundredtii  of  an 
inch  in  diameter,  a  finene^  easily  obtainable  by  the  process  of  wire- 
drawing, to  be  extended  along  the  asis  of  a  cylindrical  mould,  the 
one-fiftk  of  an  iuch  in  diameter,  the  wire  being  thus  tiie  twentieth 
part  of  the  diameter  of  the  mould.  Let  the  mould  be  then  filled 
with  silver  in  a  state  .of  fusion.  When  this  is  cold  we  shall  have  a 
cylinder  of  silver,  having  in  its  axis  a  thread  of  platinum  the  twenti- 
eth part  of  its  diameter. 

This  oomponnd  cylinder  is  then  submitted  to  the  common  process 
of  wire-drawing,  during  which  the  platinum  in  ita  centre  is  drawn 
with  the  silver,  the  proportion  of  tiieir  diameters  being  still  main- 
tained. "When  the  wire  is  drawn  to  the  greatest  degree  of  fineness 
practicable,  a  piece  of  it  is  plunged  in  nitric  acid,  by  which  the  sur- 
rounding silver  is  dissolved,  and  the  platinum  wire  remains  uncovered. 

39.  Illustrations  of  its  extreme  mitmleness.  —  By  this  process 
Dr.  Wolkston  obtained  platinum  wire  so  fine,  that  thirty  thousand 
pieces,  placed  side  by  side  in  contact,  would  not  cover  more  than  an 

It  would  take  one  hundred  and  fifty  pieces  of  this  wire  bound  to- 
gether to  form  a  thread  as  thick  as  a  filament  of  raw  silk. 

ASthongb  platinum  is  among  the  heaviest  of  the  known  bodies,  a 
mile  of  this  wire  would  not  weigh  more  than  a  grain. 

Seven  ounces  of  this  wire  would  extend  from  London  to  New 
York. 

40.  Example  VI. — Minuleneas  of  organised  JUaments.— Wool. 
—^Silk. — Fu  — Th  n  t  1  filaments  of  wool,  silk,  and  fur  afford 
striking  exan  p!  f  th  m  nute  dividbility  of  organized  matter. 
The  following  nun  be  h  w  how  many  filaments  of  each  of  the  an- 
nexed substance  pi  d  n  ntact,  side  by  side,  would  be  necessary 
to  cover  an  in  h  — 

Coarse  w    1  _        .        _         .       500 

FineM     n    w    I  -■        .        .        .     1250 

Silk -    2500 

The  hairs  of  the  finest  furs,  such  as  beaver  and  ermine,  hold  a 
place  between  the  filaments  of  Merino  and  silk,  and  the  wools  in 
general  have  a  fineness  between  that  of  Merino  and  coarse  wool. 
All  tiiese  objects  are  sensible  to  the  touch. 

It  will  be  remembered  that  they  are  compound  textures,  having  a 
particulate  structure,  each  containing  very  different  elements,  which 
arc  prepared  by  tlie  prooesaee  of  nutrition  and  secretion. 

41.  Example  VII. —  Thinness  of  a  soap-hubMe.  —  The  optical 
investigations  of  Newton  disclosed  some  astonishing  examples  of  the 
minute  divisibOity  of  matter. 

•IS 
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A  soap-bubble  as  it  floats  in  tlie  light  of  tlio  sun  reflects  to  tlie 
eye  an  endless  variety  of  the  most  gorgeous  tints  of  colour. .  Newton 
showed,  that  to  eaeh  of  these  tints  corresponds  a  certain  thickness  of 
the  substance  forming  the  bubble ;  in  fact,  he  showed  in  general, 
that  all  trauspareut  substances,  when  reduced  to  a  certain  degree  of 
tenuity,  ■would  reflect  these  colours. . 

Near  the  highest  point  of  the  bubble,  just  before  it  bursts,  ia 
always  observed  a  spot  which  reflects  no  colour  and  appears  black. 
Newton  showed  that  the  thickness  of  the  bubble  at  this  black  point 
was  the  2,600,000th  part  of  an  inch  1  Now,  as  the  bubble  at  this 
point  possesses  the  properties  of  wafer  as  essentially  as  does  the 
Atlantic  Ocean,  it  follows,  that  the  ultimate  molecales  forming  water 
must  have  less  dimensions  than  this  ttuckness. 

42.  Example  VIII. —  Thinness  of  insects'  wings.  —  The  same 
optical  experiments  were  extended  to  the  organic  world,  and  it  was 
shown,  that  the  win^  of  insects  which  reflect  beautiful  tints  resem- 
bling mother-of-pearl  owe  that  quahty  to  their  extreme  tenuity. 

Seme  of  these  are  so  thin  that  50,000  placed  one  upon  the  other 
would  not  form  a  hea.p  of  more  than  a  quarter  of  an  inch  in  height. 

43.  Example  IX. —  Thinness  of  leaf-gold. — In  the  process  of 
gold-beating  the  metal  is  reduced  to  laminse  or  leaves  of  a  degree  of 
tenuity  which  would  appear  fabulous,  if  we  had  not  the  stubborn 
evidence  of  the  common  esperienee  ro  the  arts  as  its  verification. 

A  pile  of  leaf-gold  the  height  of  an  inch  would  contain  282,000 
distinct  leaves  of  metal  I  The  thickness,  therefore,  of  each  leaf  is  in 
this  ease  the  282,000th  part  of  an  inch.  Nevertheless,  such  a  leaf 
completely  conceals  the  object  which  it  is  used  to  gild;  it  moreover 
protects  such  object  from  the  action  of  external  agents  as  effectually 
as  though  it  were  plated  with  gold  an  inch  thick. 

44.  Example  X. —  Wire  used  in  emirmdery.  —  In  the  manu- 
facture of  embroidery,  fine  threads  of  silver  gilt  are  used.  To  pro- 
duce these,  a  bar  of  silver  weighing  ISO  oz.,  is  ^It  with  an  ounce  of 
gold ;  this  bar  is  then  wire-drawn  until  it  is  reduced  to  a  thread  so 
fine  that  3,400  feet  of  it  weigh  less  than  an  ounce.  It  is  then  flat- 
tened by  being  submitted  to  a  severe  pressure  between  rollers,  in 
which  process  its  length  is  increased  to  4,000  feet. 

Each  foot  of  the  flattened  wire  weighs,  therefore,  the  4000th  part 
of  an  ounce.  But  as  in  the  process  of  wire-drawing  and  rolling  the 
proportion  of  the  two  metals  is  maintained,  the  gold  which  covers 
the  surface  of  the  fine  thread  thus  produced  consists  only  of  the  180th 
part  of  its  whole  weight.  Therefore  the  gold  which  covers  one  foot 
is  only  the  720,000th  part  of  an  ounce,  and  consequently  the  gold 
wnich  covers  an  inch  will  be  the  8,640,000th  part  of  an  ounce.  If 
this  inch  be  agiun  divided  into  one  hundred  equal  parts,  each  part 
,  will  be  distinctly  visible  without  the  aid  of  a  microeoope,  and  yet  the 
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goH  wliwh  covers  suoli  visiUe  part  will  be  only  tlie  864,000,000tli 
part  of  an  ounce. 

But  we  need  not  stop  even  here.  This  portioa  of  the  wire  may 
be  viewed  through  a  microscope  which  maguifies  500  times;  and  by 
theae  means,  therefore,  its  500th  part  will  become  viable. 

46.  lu  thia  manner,  therefore,  sn  ounce  of  gold  may  he  divided 
into  432,000,000,000  parts,  and  each  part  will  still  possess  all  the 
characters  artd  qualities  fonnd  in  the  largest  mass  of  the  metal.  It 
will  have  the  same  solidity,  texture,  and  colour,  will  resist  the  same 
chemical  agents,  and  will  enter  into  combination  with  the  same  sub- 
stances. If  this  gilt  wire  be  exposed  to  the  action  of  nitric  acid,  the 
sitrer  within  the  coating  will  be  dissolved,  but  the  hollow  tube  of 
gold  which  surrounds  it  would  still  cohere  and  remain  suspended. 

46.  Example  XI.  —  Contposilion  of  blood.  —  The  organic  woild 
affords  most  interesting  and  striking  examples  of  the  minute  divisi- 
bility of  matter. 

None  can  be  selected  more  remarkable  than  that  presented  by  the 
blood  of  animals,  which  is  not,  as  it  appears  to  the  nuked  eye,  a  uni- 
form red  liquid,  but  consist*!  of  a  transparent  colorless  fluid  called 
liquor  sanguinis,  or  blood-liquid,  in  which  imiumerable  small  red 
particles  of  solid  matter  float. 

47.  The  magnitude  and  forvi  of  its  corpuscles.  —  In  different 
species  these  red  corpuscles  differ  both  in  form  and  size.  They  were 
long  considered  to  be  spheroidal,  and  are  even  sfill  so  stated  to  be  in 
most  works  on  physics,  The  observations  however  of  Hewson, 
Wagner,  Gulliver,  and  others  have  proved  that  they  are  flat  or  disk- 
shaped.  In  the  human  blood,  and  in  that  genci-aJly  of  animals  who 
suckle  their  young,  they  are  circular,  or  nearly  so,  their  surfaces 
being  slightly  concave,  like  the  spectacle  glasses  used  by  short- 
Mghted  persons.  In  birds,  reptiles,  and  fishes,  they  ai'e  generally 
oval,  the  oval  being  more  or  less  elongated  in  different  species. 
The  surfaces  of  the  disks  in  these  species,  instead  of  being  concave, 
are  opnves,  like  the  spectacle  gJasses  used  by  weak-sighted  persons. 
The  thickness  of  these  disks  varies  from  one  third  to  one  quarter  of 
their  diameter.  Their  diameter  in  human  blood  is  the  3500th  part 
of  an  inch  J  they  are  smallest  in  the  blood  of  the  JVopw  musk  deer, 
where  they  measure  only  the  12,000th  of  an  inch. 

It  would  require  50,000  of  these  disks  as  they  esist  in  the  human 
blood  to  cover  the  head  of  a  small  pin,  and  800,000  of  the  disks  of 
the  blood  of  the  musk-deer  to  cover  the  same  surface. 

48.  JVumher  of  corpuscles  in  a  drop  of  blood.  — It  follows  from 
these  dimensions  that  in  a  drop  of  human  blood  which  would  remain 
suspended  from  the  point  of  a  fine  needle  there  must  be  about 
3,000,000  of  disks,  and  in  a  like  drop  of  the  blood  of  the  musk-deer 
there  would  be  about  120,000,000 ;  yet  these  corpuscles  are  rendered 
not  only  distinctly  visible  to  the  senses  by  the  aid  of  the  microscope, 
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but  their  fonns  and  dimeDsiona  are  rendered  apparent.  Small  as 
tliey  ore,  tLey  are  divisible,  and  can  be  resolved  into  their  elements 
hj  chemical  agents.* 

It  is  difficult  to  say  whigh  excites  more  astouieliment  and  admira- 
tion, the  minuteneBS  of  these  structures,  or  the  intellectual  powers 
■which  have  submitted  them  to  exact  observation  and  measurement. 

49.  Example  XII.  —  Minttteness  of  animalcules;  their  o'gan- 
ization  and  functions.  —  But  tiese  globules,  small  as  thoy  are,  are 
exceeded  hi  minuteness  by  innumerable  creatures  whose  existence  the 
mierMoope  has  disclosed,  and  whose  entire  bodies  are  inferior  in 
magnitude  to  the  globules  of  blood. 

JVliorosoopic  research  has  disclosed  the  existence  of  animals  a  mil- 
lion of  which  do  not  exceed  the  bulk  of  a  grain  of  sand,  and  yet  each 
of  those  is  composed  of  members  as  admirably  suited  to  their  mode 
of  hfe  as  those  of  the  largest  species.  Their  motions  display  all  the 
phenomena  of  vitality,  sense,  and  iuatiuct.  In  the  liquids  which  they 
inhiibit  they  are  observed  to  move  with  the  most  surprising  speed  and 
agility ;  nor  are  tlieir  motions  and  actions  blind  and  fortuitous,  hut 
evidently  governed  by  choice  and  directed  to  as  end.  They  use  food 
and  drink,  by  which  they  are  nourished,  and  must,  therefore,  be  sup- 
plied with  a  digestive  apparatus.  They  exhibit  a  muscular  power  far 
exceeding  in  strenglh  and  flexibility,  relatively  speaking,  the  larger 
species.  They  are  susceptible  of  the  same  appetites,  and  obnosioi»s 
to  the  same  passions,  as  the  superior  animals,  and,  though  differing  in 
degree,  the  satiafection  of  these  dcMres  is  attended  with  the  same 

Spallanzani  observes  that  certain  animalcula  devour  others  so 
voraciously  that  they  fatten  and  become  indolent  and  sluggish  by 
over-feeding.  After  a  meal  of  this  kind,  if  they  be  confined  in  dis- 
tjlled  water  so  as  to  be  deprived  of  all  food,  their  condition  becomes 
reduced,  they  regain  their  spirit  and  activity,  and  once  move  amuse 
themselves  in  pursuit  of  the  more  minute  animab  which  are  supplied 
to  them.  These  they  swallow  without  depriving  them  of  life,  as,  by 
the  aid  of  the  microscope,  the  smaller,  thus  devoured,  has  been  ob- 
served moving  vrithin  the  body  of  the  greater. 

The  microscopic  researches  of  Ehrenberg  have  disclosed  most  sur- 
prising examples  of  the  minuteness  of  which  organized  matter  is  sus- 
ceptible. He  has  shown  that  many  species  of  infusoria  exist  which 
arc  so  small  that  milUons  of  them  collected  into  one  mass  would  not 
exceed  the  biJk  of  a  grain  of  sand,  and  a  thousand  might  swim  side 
by  side  through  the  eye  of  a  needle. 

The  shells  of  these  creatures  are  found  to  exist  fossiliaed  in  the 
strata  of  the  earth  in  quantities  so  great  as  almost  to  exceed  tiie  limits 
of  credibility. 


3  Anatomy,  5lh  ed.  by  Dr.  Sliaipey  and  Mr.  Quain. 
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By  mjcroae  pn.  raeis  rempnt  it  Ins  bepn  t  ceit'^inel  tint  m  the 
slate  found  at  Biliu  in  Boheni  a  ■which  coos  sta  almost  entu:ely  of 
these  shells  a  cubic  inch  contains  forty-one  thousand  millionB  and 
as  a  cubic  inch  weighs  two  hnndied  and  twenty  grains  it  follows 
that  one  htinlrel  an!  e  ghty  even  milli  ni  of  these  shells  must  go  to 
a  grain,  each  f  whi  h  would  conse^u  ntly  wc  f,h  the  187,000,000th 
part  of  a  grain. 

All  these  phenomena  lead  to  the  oonelusion  that  these  creatures 
must  be  supplied  with  aa  organization  corresponding  in  beauty  with 
those  of  the  larger  species. 

50.  Example  XIII. —  UnUmiied  divisibility  hy  solution  of  solids 
in  liquids.  —  If  a  grain  of  salt  be  dissolved  in  1000  grains  of  dis- 
tilled water,  each  grain  of  the  water  will  contiun  the  1000th  part  of 
the  grsdn  of  the  salt;  and  if  a  gr^n  of  this  water  ha  mixed  with 
1000  grains  of  distilled  water,  die  1000th  part  of  a  graia  of  salt 
which  it  holds  in  solutioa  will  be  uniformly  diffused  through  the 
latter,  so  that  each  grain  of  the  latter  solution  will  contain  the  mil- 
lionth part  of  a  grain  of  salt.  The  presence  of  the  salt  in  this  second 
Bolution  can  be  detected  by  certain  ohemioal  tests. 

It  is  evident  that  this  process  may  be  continued  to  a  still  greater 
extent. 

51.  ExAMPtE  XIV.  —  Minute  divisibility  frnved  by  colmr. — 
A  grain  of  sulphate  of  copper,  dissolved  in  a  gallon  of  water,  will 
impart  to  the  whole  mass  of  the  liquid  a  plainly  percepfihle  tinge  of 
blue;  and  a  gi'ain  of  carmine  will  give  its  peculiar  red  to  the  same 
quantity  of  water.  It  follows,  therefore,  that  a  minute  drop  of  such 
water  will  contain  such  a  propotfion  of  either  of  these  substances  aa 
the  drop  hears  to  the  gallon. 

52.  ExAMPiiB  XV.  —  Divisihilily  of  musk. — The  sense  of 
smelling,  although  it  does  not  inform  us  of  the  mechanical  qualities 
of  minute  masses  of  matter,  determines,  nevertheless,  their  presence : 
thus,  it  is  known  that  a  grain  of  musk  will  impregnate  the  atmos- 
phere of  a  room  with  it«  odour  for  a  quarter  of  a  century,  or  more, 
without  suffering  any  considerable  loss  in  its  weight. 

Every  particle  of  the  atmosphere  which  produces  the  sense  of  the 
odour  must  contain  a  certain  quantity  of  the  musk. 

53.  Example  XVI.  —  Fiiteness  of  spider' s-wsb.  —  Wm^  aa  ia 
the  filament  produced  by  the  silkworm,  that  produced  by  the  spider 
is  still  more  attenuated. 

A  thread  of  a  spider's  web,  measuring  four  miles,  will  weigh  very 
little  more  than  a  single  graia  1 

Every  one  is  familiar  with  tie  fact,  that  the  spider  spins  a  throiid, 
or  cord,  by  which  his  own  weight  hangs  suspended.  It  has  been 
iiseertained  that  this  thread  is  composed  of  about  sis:  thousand  fila- 
ments. 

54.  Example  XVII.  —  Divisibility  shmn  by  lite  lasle.  —  The 
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aenae  of  taste,  like  tliat  of  amelling,  may  determino  tho  presence  of 
matter,  without  manifesting,  bj  direct  evidence,  anything  coocerning 
its  meolianioal  qualities. 

55.  Effect  of  strychnine  dissolved  in  water.  —  A  portion  of  strych- 
nine so  minute  as  to  be  acaroely  perceptible  to  tSie  sight,  if  dissolved 
in  a  pint  of  water,  will  render  every  drop  of  the  water  bitter.  Now, 
it  is  evident  that  in  this  case,  the  strychnine  being  uniformly  dif- 
fused through  the  wafer,  the  minute  portion  of  it  above  mentioned  ia 
subdivided  into  as  many  parts  as  there  are  drops  of  water  in  a  pint. 

56.  Effect  of  salt  of  silver  dissolved  in  mater.  —  lu  like  manner, 
a  single  grain  of  the  salt  of  silver,  called  ammoniaoal  hyposulphite, 
will  impart  a  flavour  of  sweetness  to  a  gallon  of  water. 

Now,  a  gallon  of  water  will  weigh  about  46,000  grains;  and  as 
the  flavour  of  the  salt  is  peroeptible  in  each  grain  of  tho  water,  it 
follows  that  one  grain  of  this  salt  is  thus  divided  into  46,000  ecjual 

57.  Effect  of  sugar  dissolved.  —  A  small  lump  of  sugar,  dissolved 
in  a  cup  of  tea  measuring  half  a  pint,  will  sweeten  the  whole  percep- 
tibly. In  this  half-pint  of  tea  there  are  31,000  drops.  Bach  drop, 
therefore,  must  contain  the  81,000th  part  of  the  sugar  dissolved,  and 
each  such  drop  is  perceptibly  sweet.  But  if  the  point  of  a  needle  be 
inserted  in  one  of  these  droja,  and  withdrawn  from  it,  a  film  of 
moisture  will  remain  upon  it,  and  the  drop  will  not  be  visibly  dimin- 
ished. Yet  this  film  of  moisture  will  still  be  sweet,  and  will,  there- 
fore, contain  a  fraction  of  the  31,000th  part  of  tho  lump  of  sugar, 
too  minute  to  admit  of  numerical  estimation. 

58.  Is  matter,  tlierefore,  infinitely  divisible  f — It  may  be  asked, 
whether  we  are  then  to  conclude,  from,  these  various  fects,  that  matter 
is  infinitely  divisible,  and  that  there  are  no  original  constituent  atoms 
of  determinate  magnitude  and  figtu-e,  at  which  all  subdivision  must 
cease.  Such  an  inference,  however,  would  be  unwarranted,  even  if 
we  had  no  other  means  of  deciding  the  question  except  those  of  direct 
observation,  as  we  should  thus  impose  those  limits  on  the  operations 
of  nature  which  she  has  imposed  upon  our  powei«  of  observing  them. 

59.  TAe  existence  of  ultimate  molecules,  of  determinale  figure, 
may  be  inferred.  —  Although  we  are  unable,  by  direct  observation, 
to  perceive  the  esistence  of  molecules,  or  material  atoms  of  deferroi- 
nate  figure,  yet  there  are  many  observable  phenomena  which  render 
their  existence  in   the  highest  degree  probable,  if  not  positively 

60.  Crystallization  indicates  their  existence.  —  The  most  remark- 
able of  such  phenomena  are  observed  in  the  crystallization  of  salts. 

When  salt  is  dissolved  in  distilled  wafer,  as  in  the  preceding  ex- 
ample, the  misture  presents  the  appearance  of  a  transparent  liquid 
like  water  itself,  the  salt  altogether  disappearing  from  sight  and -touch. 
The  presence  of  the  salt  in  the  water,  however,  can  be  established  by 
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^  fJie  solutjon,  wliloli  will  be  found  to  exceed  tie  original 
'eigbt  of  the  water  by  the  exact  amonut  of  the  weight  of  the  salt 


Now,  if  this  solution  be  heated  to  a  sufficient  temperature,  the 
water  will  gi-adiially  evaporate ;  but  this  process  of  evaporation  not 
noting  the  salt,  the  remaining  water  will  still  contain  the  same 
quantity  of  salt  in  solution,  and  it  will  coasoqwently  become  hy  de- 
grees, a  stronger  and  stronger  saline  solution,  the  water  bearing,  con- 
sequently, a  leas  and  less  proportion  to  the  salt.  The  water  will  at 
length,  be  diminished,  by  evaporation,  to  that  point,  that  a  suffieiont 
quantity  does  not  remain  to  hold  in  solution  the  entire  quantity  of 
salt  oontained  in  it.  When  this  has  token  place,  each  particle  of 
watOT  which  is  evaporated  leaving  behind  it  the  salt  which  it  held  in 
solution,  and  ibis  salt  not  being  capable  of  being  dissolved  by  the 
water  which  remdns,  it  will  float  in  such  waters  m  its  solid  and  nsf 
tural  state,  undissolved,  just  as  particles  of  dust,  or  other  matter  not 
soluble  in  the  water,  would  do.  But  the  saline  particles  which  thus 
remain  floating  in  the  liquid  undissolved,  will  not  collect  in  irregulm" 
solid  pieces,  but  will  exhibit  themeelvra  in  regular  figures,  terminated 
by  plane  surfaces,  always  forming  regular  angles,  these  figures  being 
invariabiy  the  same  for  the  same  species  of  salt,  but  different  for  dif- 
ferent species.  There  are  several  ciroumstances  attending  the  forma- 
tion of  these  crystals  which  merit  attention. 

61.  Process  of  crystallizalion.  —  If  one  of  these  be  detached  from 
the  others,  and  tiie  gradual  progre^  of  its  formation  be  submitted  to 
observation,  it  will  be  found  to  grow  large,  always  preserving  its 
original  figure.  Now,  since  its  increase  must  be  produced  by  the 
continual  accession  of  saline  molecules,  disengaged  by  the  water 
evaporated,  it  follows  that  these  molecules,  or  atoms,  mnst  have  such 
a  shape,  that,  by  attaching  themselves  successively  to  the  crystal, 
they  will  maintain  the  regularity  of  its  bounding  planes,  and  preserve 
the  angles  which  these  planes  form  with  each  other  unvaried. 

In  fact,  they  most  be  so  shaped,  that  the  structure  of  the  crystal 
they  form  may  be  built  up  by  their  regular  aggtegation  into  the  form 
which  it  assumes. 

If  one  of  these  crystals  be  taken  from  the  liquid  during  the  process 
of  its  formation,  and  be  broken,  so  as  to  destroy  the  regularity  of  its 
form,  and  then  restored  to  the  liquid,  it  will  be  observed  soon  to 
recover  its  regular  form,  the  atoms  of  salt,  successively  dismissed  by 
the  evaporating  water,  filling  up  the  irregular  cavities  produced  by 
the  fracture. 

62.  Existence  ofuUiMate  molecules  inferred  Jrom  this  process. — 
Two  consequences  obviously  follow  from  this  phenomenon. 

First.  That  the  atoms  of  the  salt  dismissed  by  the  water  evapo- 
rated have  such  a  form,  as  enables  them,  by  combination,  to  give  to 
the  crystals  the  shape  which  they  exhibit;  and, 
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Sec(mdly.  Tbat  the  atoms  wbicti  are  succBSsively  attached  to  the 
crystals  in  the  process  of  formation,  attach  tkemaelves  in  a  particular 
position,  to  explain  which  it  is  neoesBary  to  suppose  that  correapond- 
iag  sides  of  the  crystals  have  attractions  for  each  other,  so  that  tie 
atoms  of  salt  not  only  attach  themselves  to  the  ddea  of  the  crystals, 
hut  place  themselves  there  in  a  particukr  position.  In  a  word,  we 
must  suppose  that  the  walla  of  the  crystal  are  built  with  these  atoms 
in  the  same  manner,  and  with  the  same  regularity,  aa  the  walls  of  a 
buildiog  are  formed  with  bricks. 

All  these,  and  many  similar  details  of  the  process  of  crystalliza- 
tion, are,  therefore,  very  evident  indications  of  a  detencinate  figure  ia 
the  ultimate  atoms  of  the  substances  which  are  crystallized. 

63.  Snme  bodies  exist  naturally  in  the  CTyslalUzed  stale.  —  But 
.besides  these  substances  thus  reduced  by  art  to  the  form  of  crystals, 
there  are  large  classes  of  bodies  which  naturally  exist  in  this  state. 

64.  Planes  of  cleavage. — There  are  certain  planes  called  planes 
of  cleavage,  in  the  direction  of  which  natural  crystals  are  easily 
divided,  In  substances  of  the  same  kind,  these  planes  have  alwai^ 
the  same  relative  position ;  hut  they  differ  in  different  substances. 

The  snrfaces  of  the  planes  of  cleavage  aye  not  always  observable  be- 
fore the  crystals  are  divided ;  but  when  the  crystals  are  divided,  these 
surfaces  exhibit  an  intense  polish  which  no  effort  of  art  caa  equal. 

65.  Planes  of  cleavage  indicate  the  forms  of  the  ultimate  mole- 
cules. —  We  must  conclude,  therefore,  tkat  these  planes  of  cleavage' 
are  parallel  to  the  sides  of  tiie  constituent  atoms  of  the  crystals,  and 
their  directions  therefore  form  so  many  conditions  for  the  determinar- 
tion  of  the  shape  of  these  atoms. 

This  shape  being  once  determined,  it  is  not  difficult  to  assign  all 
the  various  ways  in  which  they  may  be  arranged,  so  as  to  produce 
regular  figures ;  and  we  accordingly  find  that  regular  figures  thus  in- 
dicated by  mathematical  reasoning  correspond  with  the  forms  assumed 
by  the  crystals  of  the  same  substances. 

66.  Inference  that  all  bodies  consist  of  ullitnale  atoms  of  deter- 
minate figure.  —  It  followa,  therefore,  irom  these  effects,  and  the 
reasoning  established  upon  them,  that  the  substances  which  are  sus- 
ceptible of  crystallization  consist  of  ultimate  atoms  of  different  figure. 
Now,  all  solid  bodies  whatever  ai-e  included  in  this  class,  for  they 
have  severally  been  found  in,  or  are  reducible  to  a  crystallized  form. 
Liquids  crystallize  in  freezmg :  several  of  the  gases  have  been  already 
reduced  to  the  liquid  and  solid  forms,  and  analogy  justifies  the  con- 
clasiou  that  all  are  capable  of  being  reduced  to  this  form. 

Hence  it  appears  reasonable  to  presume  that  all  bodies  whatever 
are  composed  of  ultimate  atoms,  having  determinate  shape  and  mag- 
nitude; that  the  different  qualities  with  which  we  find  different 
bodies  endued,  depend  upon  the  shape  and  magnitude  of  these  atoms; 
that  these  atoms  cannot  be  dbturbed  or  changed  so  long  aa  the  body 
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lo  which  they  belong  is  not  deoomposed  into  otbet  elemecta,  as  we 
find  the  qualities  which  depend  on  them  unchangeably  the  same 
under  all  the  influences  t<i  which  they  have  been  subinitted. 

67.  These  molecules  too  minute  to  he  the  subjects  of  direct  ohser- 
valion.  —  We  must  conclude  also  that  these  atoms  are  so  minute  ia 
then-  magnitudes  that  they  cannot  be  observed  by  any  means  which 
human  ai-t  has  yet  contrived,  but  neverthetesa  that  such  magnitudes 
still  have  limits. 

68.  Prini-Aples  of  mechanical  sciencf  however  independent  of 
this  hypothesis.^ — It  ec  jbw  tob  tht  twith- 
standing  the  stron^  1  g  wh  h  pp  t  th  1  as  to 
the  ultimata  const  tt  fmtel  btaoethp  pi  a  of 
mechanical  science  qt  dpdttthm  dl  i  rest 
upon  any  hypothea  ce  g  h  torn  1 1  ti  d  there- 
fore the  truth  of  th  p  pi  w  Id  t  h  n  y  w  d  tnrbed 
even  though  it  shouU  fcs  est  bhsh  1  tl  t  m  tt  th  t  lite- 
ral sense  infinitely  divisible,  and  is  not  formed  of  ultimate  atoms. 

The  hms  of  raeohanical  science  ia  observed  facts ;  and  since  the 
reasoning  upon  these  observed  facta  is  demonstrative,  the  conclusions, 
when  rightly  deduced,  have  the  same  degree  of  certainty  a«  the  ftcfs 
from  which  they  are  inferred. 

69.  The  ultimate  molecules  of  m  rv  — T 
treme  division  to  which  bodies  are                        m  d 
artificial  processes,  and  especially  whe              d  to  h 

heat  or  fire,  has  naturally  suggested  to  m    d  ted        h 

ri^d  process  of  soientifio  reasoning,  h      b  d 

tible.     The  ancients,  instead  of  the  m  p  m 

disposed  of  the  bodies  of  their  dead  g       m     p 

position  that  their  component  parts  w  p  ra 

The  more  exact  reasoning  of  mod 
\x^  thit  a  power  to  destroy  matter  wo  m  to 

a^ent  as  a  powei  to  create  it 

It  If  cei  tain  that  the  quantity  of        te   w     h 
the  earth  his  never  been  dimiui^bed  m 

Matter  i^  in  fut  indestructible 
powei      It  miy  be  asked,  then,  wh  ra  te 

poimg  •*  body  which,  being  subjected  ti  the  action  of  bio,  ^raJually 
and  cjrapletely  diaappoars  The  answer  is,  that  m  this,  as  well  as  in 
all  other  cases  of  the  apparent  destiuctioa  of  matter,  nothing  takes 
pi  icp  ezcept  Its  subdivision  and  the  change  of  its  form  and  position. 

70  JVo  malter  destroyed  in  combustion  — When  a  body  is  sub- 
lected  to  the  action  of  heat,  its  elements  are  decomposed,  and  its 
constituent  pirticles  sepaiated,  many  of  them  combine  with  other 
particles  of  raattei,  and  foini  new  substances  possessing  other  quali- 
tn,?  Thus,  when  co  d  oi  othti  fuel  is  buined,  the  laibon  enters  into 
4*  ^JoO'jIc 
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eomViJnation  with  one  of  the  eonstituenta  of  the  atmosphere  ciiHed 
oxygen,  and  forma  a  gaseous  substance  called  carbonic  acid,  which 
rises  into  and  mixes  with  the  atmosphere.  Another  element,  hydro- 
gen, combines  with  the  same  conslitueEt  of  the  atmosphere  and  forms 
vapor,  which  also  disperse  in  the  atmosphere. 

Sulphur,  wHeh  is  also  occasionally  present  in  fuel,  combines  with 
the  same' constituent  of  the  air,  forming  a  gas  called  sulphurons  acid, 
whicli  also  escapes  into  the  atmosphere.  Thus  the  entire  matter  of 
the  fuel,  with  the  exception  of  a  small  portion  of  incomhustihlo  mat- 
ter which  falls  into  the  ash-pit,  is  dispersed  in  tie  air,  and  no  destruc- 
tion or  annihilation  takes  place. 

That  no  portion  of  the  matter  of  the  fnel  is  destroyed  or  annihi- 
lated can  be  established  by  the  incontrovertihle  experimental  proofe 
of  the  chemist,  for  by  the  expedients  of  his  science  all  the  products 
of  the  combustion  which  have  been  just  mentioned  can  be  preserved, 
weighed,  and  decomposed.  The  oxygen  which  has  entered  into  oom- 
bination  with  each  element  of  the  fuel  can  be  reproduced,  as  Well  as 
the  constituents  of  the  fuel  itself,  the  latter  of  which  being  weighed, 
as  well  as  the  iDcombualible  ash,  the  weight  of  the  whole  is  found  to 
be  precisely  equal  to  the  weight  of  the  fuel  which  was  burned  and 
apparently  destroyed. 

71.  Jfo matter  destroyedin  evaporation. — Liquids  when  subjected 
tfl  heat  are  converted  into  vapor,  and  this  vapor  disperses  in  the 
atmosphere,  so  that  the  liquid  seems  to  be  boiled  away;  but  if  the 
vapor  be  preserved,  as  it  may  be  in  a-  separate  vessel,  and  exposed  to 
cold,  it  will  return  to  the  liquid  form,  and  its  weight  and  measure  will 
be  found  to  be  precisely  the  same  as  that  of  the  liquid  evaporated. 

72.  Destructive  distillation. — There  is  a  process  in  chemistry 
which  is  called  destnictive  distillation.  The  term  is  objectionable, 
because  it  implies  a  destruction  where  no  destruction  takes  place.  If 
a  piece  of  wood,  being  previously  weighed,  be  placed  in  a  close  retort 
and  submitted  to  what  is  called  destructive  distillation,  it  will  be  found 
that  water,  a  certain  acid,  and  several  gases  will  issue  from  it,  all  of 
which  may  be  preserved,  and  mere  charcoal  will  remain  in  the  retort 
at  the  end  of  the  process.  If  the  water,  acid,  and  gases  which  thus 
escape  be  weighed  with  the  charcoal,  the  weight  of  the  whole  will 
be  found  to  be  precisely  equal  to  that  of  the  wood  which  was  sub- 
jected to  destmotive  distillation. 

73.  General  concludon. — Thus  various  forms  of  matter  may  be 
fused,  evaporated,  or  submitted  to  combusliou ;  animals  and  vege- 
tables may  die,  orgauiaed  bodies  may  be  dissolved  and  decomposed, 
but  in  all  cases  their  elementary  and  constituent  parts  maintain  their 
existence.  The  remains  of  our  own  bodies  after  death  are  depcited 
in  the  grave,  and  enter  into  innumerable  combinations  with  the  mate- 
rials of  the  soil,  with  the  vegetation  which  covers  it,  and  the  air 
which  circulates  above  it 
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Consequently,  tliese  parts  enter  iuto  an  infinite  series  of  other  com- 
tinations,  forming  parts  of  other  organized  bodies,  animal  and  vege- 
table, and  which,  after  having  discharged  their  functions,  are  thrown 
off  again,  mising  with  tlie  aoU,  tlie  me,  or  organized  matter,  and  once 
more  running  through  the  round  of  physical  combiQatdons. 

The  copsfcituent  atoms  of  matter  are  thus  constantly  performing  a 
circle  of  duties  in  the  economy  of  nature  with  infinitely  more  oer- 
tidnty  and  regularity  than  is  observed  in  the  most  disciplined  army 
or  ia  the  best  regulated  manuiiictory. 


POKOSITY  I 

74.  TJte  compotwnl  molecules  of  a  body  are  not  in  contact. — The 
volume  or  magnitude  of  a  body  is,  as  has  been  already  explained,  the 
space  which  ia  included  within  its  external  suifiicea.  The  mass  of  a, 
body,  or  the  quantity  of  matter  of  which  it  consista,  ia  the  oolleotiott 
of  atoms  or  molecules  which  compose  it.  If  these  atoms  were  in 
actual  contact,  the  volume  would  be  completely  occupied  by  the  mass ; 
but  numerous  results  of .  observation  prove  that  this  ia  never  the  case. 
There  ia  no  body  so  solid  or  compact  that  it  cannot,  by  various  pro- 
cesses to  be  espijuned  hereafter,  be  forced  into  less  dimensions,  Now, 
if  its  atoms  were  in  absolute  contact,  and  had  no  unoccupied  spaces 
between  them,  this  compression  ooald  not  take  place.  It  follows, 
therefore,  that  (letween  the  atoms  or  molecules  which  form  the  mass 
of  a  body  there  are  vacant  spaces  in  the  magnitude  or  volume,  which 
therefore  coasfsts  partly  of  the  spaces  occupied  by  the  atoms,  and 
partly  of  the  spaces  which  intervene  between  these  atoms. 

75.  The  spaces  which  separate  them  are  called  pores. — These  in- 
tervening spaces  which  separate  the  constituent  atoms  of  a  -mass  of 
matter  are  called  pores ;  and  the  quality  of  bodies  in  virtue  of  which 
their  constituent  atems  are  thus  separated  by  vaiKiiit  spaces  is  called 
porosity. 

76.  Proportion  of  mass  to  pores  determines  the  density. — In  bodies 
'of  different  species,  the  pores  bear  a  greater  or  lea.a  proportion  to  the 

whole  volume;  or,  in  other  words,  the  component  atoms  of  the  mass 
are  placed  more  or  less  closely  together. 

Tbis  circumstance  deffirmines  what  is  called  the  density  of  bodies. 
One  body  is  more  or  less  dense  than  another,  according  as  its  con- 
stituent atoms  are  moi-e  or  lesa  closely  packed  together,  or  according 
as  its  pores  are  of  lesa  or  greater  magnitude. 

77.  Porosilif  and  density  correlative  terms. — Porosity  and  density 
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are  therefore  correlative  tenna.  The  greater  tlie  porosity,  fte  less 
tte  density;  and  tbe  greater  tbe  density,  the  less  the  porosity. 

Gold  and  platinum  are  bodies  of  gi'eat  density;  cork  is  one  of 
much  leas  density ;  and  air  or  the  gases  still  less. 

When  one  body  is  heavier  than  another  under  the  same  bulk,  it  is 
concluded  that  its  density  is  proportionally  greater  than  that  of  the 
other,  and  consequently  its  porosity  proportionally  less. 

78.  Unifortn  difusi.onofpo7-esconstUuf.es  uniform  density. — When 
the  pores  are  uniformly  diffused  throughout  the  dimenKona  of  a  body, 
the  body  is  said  to  be  uniformly  dense. 

79.  Pores  different  from  cells. — The  porosity  of  bodies  is  some- 
times illustrated  and  explained  by  a  sponge,  which  allows  the  cavities 
which  pervade  it  to  be  filled  with  water  or  other  fluid ;  but  snob  an 
illustration  is  not  strictly  apposite.  The  cavities  of  a  sponge  are  not 
its  pores,  any  more  than  are  the  cells  of  a  honeycomb  the  pores  of 
was.  Cellular  structures  in  general  present  peculiar  modifications 
of  matter  totally  different  from  what  b  understood  by  porodty. 

80.  Pores  sometimes  occupied  iy  more  subtle  matter.  —  The  pores 
of  a  body  are  sometimes  filled  with  another  material  substance  of  a 
more  subtle  nature.  Thus,  if  the  pores  of  a  b  dy  b  gr  th  n 
tho  atoms  of  air,  such  body  being  surrounded  by  h  m  ph  b 
air  will  pervade  its  pores.  This  is  found  to  be  th  so  f  mpl 
with  certain  sorts  of  wood,  with  cliaJk,  sugar,  d  m  y  h  b 
stances.  If  a  piece  of  such  wood,  chalk,  or  su^  be  pre  d  h 
bottom  of  a  vessel  filled  with  water,  the  wr  whi  h  fills  hi  w  11 
be  observed  to  escape  in  bubbles,  and  to  rise  to  h  f  h  w  te 
pervading  the  pores,  and  taking  their  place. 

81.  Examples  of  porosity  and  density. — Th  f  11  w  g  u  jl 
will  illustrate  the  qualities  of  porosity  and  densi  y  — 

82.  Example  I. — Porosity  of  wood. — If  a  1  fwo<db 
inserted  jn  the  bottom  of  a  cup  which  is  attached  h  m  h  f 
glass-receiver  plained  upon  the  plate  of  an  air  p  mp  h  p  h 
placed  being  filled  with  mercury,  on  withdraw  g  h  f  h 
interior- of  the  receiver  the  pressure  of  the  exte  1  m  ph  w  II 
force  the  mercury  through  the  pores  of  the  w  od  nd  w  11  b 
observed  to  fall  in  a  shower  of  silver  within  the 

83.  Example  II,  —  Buoyancy  of  wood  son  d  hy  h 
air  contained  in  its  pores.  —  Wood  in  general       lb        b  Ik  f 
bulk,  than  water,  and  wiU  therefore  float  in  it ;  b       b  p 
lightness  is  in  some  cases  not  a  property  of  the  w  od  b        f   h 
which  fills  its  pores.    To  prove  this,  let  a  piece    f       h  w    d  b    h  Id 
beneath  the  surface  of  wafer  contained  in  a  vess  1  pi      d    nd      h 
receiver  of  an  air-pump.     On  exhausHug  the                  h    ai    CO 
tained  in  the  piece  of  wood  will  force  its  way  ou  by      son    f        1 
tieity,  and  will  rise  in  bubbles  io  tbe  surface  of  the  watei.    If,  when 
the  air  baa  been  thus  exijelled  from  the  pores,  tho  preaaure-,of  tho, 
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atmosphere  te  made  to  act  again  upon  the  surface  of  the  water  hy 
opening  the  cook  wliioh  admita  air  to  the  receiver,  the  water  will  he 
forced  into  the  pores  of  the  wood  and  will  fill  the  spaces  deserted  hy 
the  Mr,  and  the  wood  will  then  sink  to  the  hottom. 

84.  Example  III. —  Tlie  densest  substances  (gold  for  example) 
have  pores.  Florentine  experiment. — There  is  no  Buhstanee  so  dense 
as  to  be  divested  of  poi-es.  The  celebrated  Floreniaae  experiment, 
performed  at  the  Academia  Del  Cimento,  in  1661,  and  often  repeated 
since  that  time  with  the  same  result,  showed  that  gold  ifeelf  has  pores 
sufficiently  large  to  admit  tie  particles  of  water  to  pass  tiirongii  Uiem. 
A  glohe  of  gold,  being  completely  filled  with  water,  was  closed  by  a 
screw,  and  sabmitted  to  a  severe  pressure.  As  a  globe  is  the  figure 
whioh  within  the  same  surface  conttdns  the  greatest  possible  volume, 
any  change  produced  in  ita  fiacre  by  extemal  pressure  must  necessa- 
rily diminish  its  volume.  When  the  globe,  therefore,  thus  filled  with 
water,  is  submitted  to  a  pressure  which  changes  it  to  a  form  slightly 
elliptical,  or  turnip-shaped,  it  would  necessarily  contain  less  liquid, 
and  either  of  two  effects  must  ensue,  viz.,  the  globe  must  burst,  or  a 
portion  of  the  liquid  must  force  its  passage  through  the  pores  of  the 
gold.  The  latter  effect  ensued;  and  as  Ibe  globe  changed  its  form, 
Qie  water  was  seen  collecting  in  a  dew  on  the  external  surface  of  the 
metal.  This  proved  that  the  particles  of  water  found  their  way 
through  the  pores  of  the  gold  without  tearing,  rupturing,  or  other- 
wise doing  violence  to  its  general  structure. 

85.  Example  IV. — Filtration. — The  process  of  filtration,  so  exten- 
sively used  in  the  arts  and  sciences,  depends  on  the  quality  of  porosity. 
The  substance  through  which  a  liquid  is  filtrated  has  pores  large 
enough  to  allow  the  particles  of  the  liquid  to  pass,  but  too  small  to 
permit  the  passage  of  the  foreign  matter  suspended  in  the  liquid,  and 
of  which  it  is  intended  to  purify  the  liquid  by  the  process  of  filtra^ 
tion.    The  most  ordinary  filters  are  soft  stone,  paper,  and  charcoal. 

86.  Example  V. — Petrifaction. — Animal  and  vegetable  petrifao- 
dons  furaish  striking  examples  of  porosity,  since  the  stoay  substance 
which  petrifies  them  must  have  been  infiltrated  through  their  mass, 
BO  aa  to  penetrate  all  their  fibres. 

87.  Example  VI.  —  Porosily  of  mineral  distances.  —  Mineral 
substances  are  all  more  or  less  porous.  Opaque  stones  are  in  general 
more  porous  than  transparent  ones.  Chalk  and  marble  are  formed  of 
the  same  constituents,  with  different  degrees  of  porosity.  If  water  be 
poured  on  chalk,  it  is  instantly  observed  passing  into  jts  innermost 
pores ;  if  it  be  poured  on  marble,  it  rests  on  the  surfece  without  pene- 
trating. Stones,  however,  which  resist  the  admission  of  water  to  their 
pores  under  ordinary  circumstances,  will  be  penetrated  by  tka  lii^uid, 
providefl  an  intense  pressure  be  us6d  for  a  sufficient.  length  of  time. 
Thus,  stones  taken'  ft'Oin  the  bottom  of  the  sea,  espedally  if  the  depth 
bo  considerable,  are  found  iienetrated  by  water  Kt  their  very  centre. 
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Among  siliceous  atones,  BucL  aa  agate  and  flint,  tliere  is  one  called 
Hjdroptane,  whose  porosity  is  attended  l>j  a  singular  phenomenon. 
A  piece  of  this  substance,  in  its  common  state,  is  aearly  opaque;  but 
if  it  be  plunged  ia  water,  it  is  found,  on  withdrawing  it  from  the 
liquid,  to  be  nearly  as  transparent  aa  glass.  In  this  case  the  water 
penetrates  the  atone  esaotlyas  oil  penetrates  paper ;  bubbles  of  air  are 
disengaged  from  its  pores,  which  ai-e  filled  witK  the  water  absorbed, 
the  presenco  of  which  gives  the  transparency. 

88.  Example  VII. — Porosity  of  mineral  strata. — Large  mineral 
masses  existing  naturally  in  tba  strata  of  the  earth  present  examples 
of  porosity  stiU  more  striking.  Water  pereoiates  through  the  ades 
and  surfaces  of  caverns  and  grottos,  and,  being  impregnated  with  cal- 
cai-eous  and  other  earths,  forms  stalactites,  or  pendulous  protuberances, 
presenting  curious  appearaaoes,  with  which  every  one  is  lamiliar. 


COMPRESSIBILITY  AND  COKTRACTIBILITY. 

89.  Compression  diminishes  the  bulk  and  augments  the  density.  — 
The  quality  in  virtue  of  which  a  body  allows  ite  volume  to  be  dimin- 
ished without  diminishing  its  quantity  of  matter  is  called  compressi- 
bility, when  the  effect  is  produced  by  the  application  of  external  me- 
chanical force ;  and  contractibility  when  produced  by  change  of  tern, 
perature,  or  any  other  agency  not  mechanical. 

When  the  volume  of  a  body  is  dimiaishod,  whether  by  oompves- 
sion  or  coatraction,  its  constituent  atoms  are  brought  iato  closer  con- 
tiguity, its  pores  ai-o  consequently  diminished,  aad  its  density  propor- 
tjoaally  increased. 

SO.  Jill  bodies  compressible. — All  known  bodies,  whatever  be  their 
nature,  are  capable  of  having  their  dimensions  reduced  without  dimin- 
ishing their  mass,  or  quantity  of  matter;  and  this  is  one  of  the  most 
conclusive  proofs  that  all  bodies  are  porous,  or  that  their  constituent 
atoms  are  not  in  contact ;  for  the  spaces  by  ■which  the  volume  is  dimin- 
ished must,  before  aucb  diminution,  consist  of  pores. 

91.  CompressiUliiy  increases  mth  porosity. — It  is  evident  in  gene- 
ral that  the  more  porous  a  body  ia  the  greater  is  its  compressibility. 
This  truth  is  manifested  by  innumerable  examples  derived  from  organ- 
ized bodies,  especially  those  of  a  fibrous  texture.  All  those  whose 
pQrosity  is  such  as  to  allow  them  to  be  easily  penetrated  by  fluids  can 
be  diminished  by  the  application  of  pressure;  and  in  this  case,  if 
they  have  been  previously  filled  with  fluids,  these  fluids  are  expelled 
by  the  pressure  exactly  as  water  is  squeezed  from  a  piece  of  sponge. 
Innumerable  processes  in  the  arte  supply  examples  of  this. 
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92.  Compression  of  wood.  —  Wood  of  oTen  the  taidest  kind,  in 
its  Datural  state,  ia  so  porous  aa  to  absorb  both  air  and  water  in  con- 
nderable  quantities.  When  sucli  wood  is  vised  in  tlie  arts,  in  ca,3es 
where  extreme  hardness  is  required,  it  is  previously  submitted  to 
severe  pressure,  by  which  the  fluids  absorbed  are  expelled  from  the 
pores,  the  volume  diminished,  and  tho  density  increased.  The  wooden 
wedges  used  in  fastening  the  rails  of  the  railway  in  their  chairs  are 
prepared  in  this  raantier. 

93.  Compression  of  stone. — Even  the  most  solid  atone,  when  loaded 
with  a  considerable  weight,  is  found  to  be  compressed.  The  founda- 
tions of  buildings,  and  the  columns  which  sustain  incumbent  weights 
in  architecture,  supply  numerous  proofs  of  this. 

94.  Compression  of  metals. — Malleable  metals  are  compressed  by 
percussion  or  hammering ;  they  become  thus  more  compact  and  dense. 
In  the  process  of  coining,  medals  and  pieces  of  money  are  struck  by 
a  severe  pressure,  by  which  they  are  made  to  receive  the  impressioQ, 
and  characters  upon  them  more  accurately  than  softened  wax  would 
from  the  pr^sure  of  the  hand.  Under  the  blow  of  the  press  they 
not  only  change  their  form,  accommodating  themselves  to  the  charac- 
ters and  figures  sunk  upon  the  die,  but  they  are  at  the  same  time 
compressed  and  rendered  more  dense,  so  that  the  coin  or  medal  has  a 
volume  sensibly  less  than  the  blank  piece  had  before  it  was  struck. 

95.  Compression  of  liquids. — Liquids  ia  general  are  less  easily 
compressed  than  solids ;  so  much  so,  that  in  practical  science  they  are 


They  are,  however,  strictly  speaking,  capable  of  a  slight  comprea- 
eion  under  the  operation  of  considerable  mechanical  force. 

It  might  be  supposed  that  the  Florentine  experiment  already 
alluded  to,  in  which  water  enclosed  in  a  globe  of  gold,  and  submitted 
to  mechanical  pressure,  esuded  through  the  pores  of  the  metal,  esta^ 
blished  the  incompressibility  of  that  liquid;  and,  in  fact,  the  experi- 
ment was  made  with  a  view  of  testing  that  quality  in  water,  but  the 
experiment  as  executed  did  not,  and  could  not,  establish  this  con- 
clusion. 

It  is  quite  true  that  if  the  water  had  not  exnded  upon  the  change 
of  figure  of  the  globe,  the  compressibility  of  the  liquid  would  have 
been  established.  The  mere  escape  of  the  water  did  not,  however, 
prove  its  incompressibility.  To  accomplish  this  it  would  have  been 
necessary, — -Jirst,  to  measure  accurately  the  volume  of  water  which 
transuded  by  compression;  and,  secondly,  to  measure  the  diminution 
of  volume  which  tiie  vessel  suffered  by  its  change  of  figure.  If  thia 
diminution  were  greater  than  the  volume  of  water  which  escaped,  it 
would  follow  that  the  wator  remaining  in  the  globe  had  been  com- 
pressed, notwithstanding  the  escape  of  the  remainder;  but  this  could 
never  have  been  accomplished  with  the  necessary  precision  in  such 
an  experiment,  and,  consequentiy,  so  far  as  the  question  of  ooat- 
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pveasibility  was  concerned,  notliing  waa  proved  hj  tlie  Florentine 
experiment. 

96.  Compression  of  water  proved. — A  century  later,  however,  ia 
the  year  1761,  the  compreesibility  of  water  and  olter  liquid?  was 
established.  It  was  found  that  water,  submitted  to  a  mechanical 
pressure,  amounting  to  fifteen  pounds  on  a  pquaro  inch,  would  be 
diminished  in  its  ydume  by  forty-five  parts  in  a  million;  that  is  to 
Bay,  a  million  of  cubic  inches  would  be  reduced  to  abnut  forty-five 
cubic  inches  Jess. 

In  more  recent  esperiments,  a  quantity  of  water  was  enclosed  in  a 
piece  of  cannon  and  suhmitted  to  a  meohaoical  pressure  amounting  to 
fifteen  thousand  pounds  per  square  inch.  Under  this  pressure  it  was 
diminished  hy  one-twentieth  of  its  vulume,  and  the  cannon  enclosing 
it  was  hurst. 

97.  Compression  of  gases.  —  Of  all  forms  of  matter  the  gases  are 
the  most  susceptible  of  compression.  This  quality  has  already  been 
briefly  noticed.  There  appears  to  be  no  practical  limit  to  the  com- 
pression of  which  this  form  of  matter  is  susceptible,  its  Tolume  being 
diminished  in  the  exact  proportion  of  the  compressing  force  applied 

98.  Contractihility  of  liquids.  —  Biit  if  liquids  are  so  little  com- 
pressible, they  are,  iu  a  very  high  degree,  susceptible  of  contraction. 

If  a  quantity  of  water  coloured  with  ink  or  other  colouring  matter 
he  included  in  a  glass  bulb  conneoted  with  a  tube  of  small  here,  it 
will  he  found,  that  when  the  bulb  is  exposed  to  cold,  the  level  of  tha 
coloured  water  in  the  tube  will  descend.  This  is  an  effect  of  the  con- 
traction which  the  liquid  undergoes  in  consequence  of  its  dimmution 
of  tcmporature.  This  contraction  by  cold  is  a  universal  quality  of 
matter,  which  will  be  explained  more  fully  in  a  ouhstqucnt  pjrt  of 
this  work. 


CHAP.    Till. 

ELASTICITY   AND  HILATABILTTY. 

99.  Elastic  and  inelastic  iodies.  —  Elasticity  is  the  quality  in 
virtue  of  which  a  body,  after  having  been  compressed,  recovers  its 
former  dimenaiona,  on  being  relieved  fi-om  the  force  which  compres- 
ses it. 

Bodies  which  retain  their  compressed  sMe  after  the  force  ceases  to 
act,  and  do  not  resume  their  original  dimensions,  are  said  to  he  in- 
elastio. 

100.  Elasticity  of  gases.  —  The  class  of  bodies  which  afford  the 
most  atrilting  esamples  of  elasticity  are  the  gases  and  aeriform  bodies. 
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If  a  quantity  of  dr  te  included  in  a  sjriage  under  a  piston,  and  be 
compressed  by  a  foi-ce  applied  to  the  piston,  on  the  removal  of  that 
force  the  air,  oy  virtue  of  ita  elasticity,  will  force  the  piston  upwards 
imtil  it  resumes  the  position  from  which  it  had  beea  driven  by  the 
eompresang  force. 

101.  Elaslicity  of  hquidi  —  All  liquids,  when  compressed,  im- 
mediately recover  theu  original  dimensions  when  relieved  from  the 
compressing  force,  and  theiefore  may  be  said  to  be  perfectly  elastic. 
The  play  of  the  compre^blve  and  elastic  pimciple,  however,  in  the 
case  of  hquids,  is  so  exfremelv  limited,  that  for  all  pracidcal  purposes 
this  form  of  body  is  tieated  as  loth  mcompresable  aad  ineli^tio.  AU 
tlio  theorems  of  those  parts  of  physical  science  called  Hydrostatics, 
Hydrodynamics,  Hydraulics,  &c,,  are  baaed  upon  the  principle  that 
liquids  are  incompressible  and  inelaalic ;  for  although  it  be  true,  as 
has  been  stated,  that  within  certain  very  minute  limits  they  are  both 
compressible  and  elastic,  yet  these  limits  are  so  small  as  to  produce 
no  appreciable  effects  under  ordinary  circumstances. 

102.  Expansibility  of  gases.: — Gaseous  bodies  are  not  only  com- 
pressible and  elastic  without  any  practical  limit,  bat  also  endued  with 
unlimited  dilatability.  Thus,  if  a  quantity  of  gas  be  included  in  any 
given  volume,  and  that  this  volume  be  augmented  in  any  required 
proportion,  the  gas  will  spontaneously,  and  without  the  application 
of  any  external  agency,  dilate  itself  so  as  to  fill  the  augmented  volume, 
and  this  expansion  will  go  on,  no  matter  to  what  extent  the  volume 
be  augmented. 

103.  Elasticity  of  solids.  —  The  quality  of  elasticity  is  manifested 
in  solid  bodies,  but  in  a  less  decided  manner  than  in  gases,  Caout- 
cbouo,  or  elastic  gum,  is  perhaps  of  all  bodies  that  which  has  most 
elasticity.  This  quality,  combined  with  the  methods  recently  disco- 
vered of  varying  the  form  of  this  substanee,  has  extended  considera- 
bly the  application  of  it  to  the  useflil  purposes  of  life. 

104.  Examples  of  elasticity  of  solids.  —  The  following  examples 
will  illustrate  the  quality  of  elasticity  as  found  in  soUd  bodies. 

105.  Example  I. — leory  balls.  — If  a  flat  and  hard  surface  be 
smeared  with  a  thin  coating  of  oil,  and  an  ivory  ball  be  allowed  to 
drop  upon  it,  the  ball  will  rebound  by  reason  of  its  elasticity.  On 
examining  that  part  of  the  surface  of  the  ball  which  struck  tlie  fiat 
surface  from  which  it  rebounded,  it  mil  be  found  that  a  somewhat 
extensive  circular  space  will  have  beea  stained  with  the  oil.  If  the 
ball  be  brought  gentiy  into  contact  with  the  flat  surface,  a  minute 
space  only  would  be  stained  with  the  oil.  "Why,  then,  it  may  be 
asked,  did  a  larger  space  receive  a  stain  when  the  ball  was  allowed  to 
drop  with  a  certain  force  upon  the  surfiice?  The  answer  to  this  is, 
that  the  force  of  the  impact  _^a/ (ens  the  snrfaoe  of  the  ball  to  a  cer 
tain  esteot;  that,  in  virtue  of  its  elasticity,  the  ball  recovera  ita 
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causes  the  rebound.  Tho  extent  of  tte  sariace  stained  by  the  oil  is 
a  little,  but  not  miict  greater  tban  the  extent  of  the  circle  flattened 
by  the  impact 

It  li    ballbe  1  t  f  11  f   m  1  liff     nt  h     hts,  it  will  be  found 

th      th  ul      p  ce    t   n  1  by  th       1      11  1     greater,  the  more 

1      t  d  tl     I    nt  fi  m  wh   h  1h    b  11      all  w  d  to  depart.     This 

ft    t         nly  what  m  ght  ha      b    n  ant    p  t  d     tho  greater  the 

h     ht  t    m  7(li  h  the  b  11  fall    th    g     tern  11  be  the  force  of  the 

I     t  and        SLqii  ntly  th    g  eale   will  b    th    estent  over  which 

t        1      w  11  be  flatt      d,   nd  th    gi    te  ,     n     juentlyj  will  be  the 

elastic  force  which  produoea  the  rebound. 

106.  Example  II. — Caouichauc  balls. — If  snob  an  experiment 
be  made  with  a  baU  composed  of  a  substance  softer  than  ivoi^,  and 
equally  elastic,  the  flattening  may  be  rendered  directly  perceptible  to 
the  senses.  This  may  be  made  evident  by  the  large  caoutchouc  balls 
inflated  with  air,  used  in  the  plays  of  children.  When  they  etriko 
the  ground,  they  are  flattened  at  the  surface  over  a  circle  of  veryoon- 
aiderable  magnitude,  and  which  flattening  may  be  exhibited  by  press- 
ing them  on  the  ground  by  the  force  of  the  hand.  This  is  only  an 
exaggeration  of  what  would  actually  take  place  in  the  case  of  a  ball 
of  ivory  or  glass. 

107.  Example  III.  —  EhslicUy  of  steel  springs. — Elasticity  in 
bodies  is  sometimes  manifested  by  their  disposition  to  recover  their 
form  when  disturbed  by  a  force  which  does  not  affect  their  volume. 
Eor  example,  a  plate  of  steel  when  bent  would  have  the  same  dimen- 
sions which  it  had  before  the  pressure,  yet  its  elasticity  will  be  ren- 
dered apparent  by  its  immediately  recovering  its  ori^nal  form  after 
the  force  which  bends  it  had  ceased  to  act.  The  play  of  springs  of 
every  form  afibrds  examples  of  this.  When  a  straight  bar  of  steel  is 
beat  into  a  curve,  both  compression  and  expansion  of  ita  molecules 
take  place.  The  molecules  which  compose  that  side  which  becomes 
convex  are  forcibly  drawn  asunder,  and  those  which  form  the  surface 
which  becomes  concave  are  forcibly  compressed.  This  ia  evident,  in- 
asmuch as  the  convex  aide  becomes  longer,  and  the  concave  shorter, 
by  the  change  of  form.  The  tendency  of  the  molecules,  by  virtue  of 
their  elasticity,  to  recover  their  original  position,  causes  those  on  the 
conves  surface  to  contract,  and  those  on  the  concave  aurfaoe  to  expand ; 
the  combined  effects  of  such  contraction  and  expansion  being  the  reste- 
ration  of  the  bar  to  its  original  form. 

108.  Limits  of  the  elastic  force. — As  elasticity  results  from  a  de- 
rangement of  the  component  molecules  of  bodies,  it  will  be  easily 
understood  that  there  must  be  limita,  beyond  which  such  derange- 
ments cannot  be  produced  without  a  permanent  change  in  the  form 
of  the  body;  and  there  are  consequently  limits  to  the  play  of  the 
elastic  principle.  These  limita  will  be  obvioualy  different  in  different 
bodiea. 
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la.  the  case  of  the  most  elastic  class  of  bodies,  sucli  for  example  as 
eaoulchoue,  these  liQiita  arc  very  extensive.  In  ivory  they  are  more 
exteuBive  than  glass,  for  ivory  will  recover  its  figure  after  a  compres- 
sioft  which  woald  cause  the  fracture  of  glass.  These  limits  are  nar- 
row in  the  ease  of  such  metals  as  lead;  for  although  considerable 
compression  will  not  cause  the  fracture  of  lead  as  it  would  that  of 
glass,  yet  the  derangeiaent  which  such  oompression  produces  amongst 
the  molecules  of  that  metal  is  greater  than  their  feeble  elasticity  cau 
resist,  and  the  metal  accordingly  takes  permaneatly  any  form  ^ven 

109.  Elasiiciiy  of  torsion. — Eksticitj  is  sometimes  manifested  by 
torsion  or  twisting.  Thus,  let  us  suppose  a  filament  of  raw  silk  stretched 
by  a  weight  attached  to  it.  If  thb  weight  be  made  to  revolve  several 
times  in  the  same  direction,  so  as  to  twist  the  silk  and  then  be  dis- 
engaged, the  fibre  of  silk  in  virtue  of  its  elasticity  will  untwine  itself, 
causing  the  weight  to  revolve  in  a  contrary  direction;  and  this  pro- 
cess of  untwining  will  continue  until  the  filament  recovers  its  ori^- 
nal  position ;  but  tJio  twisting  may  have  been  continued  to  such  an 
extreme,  as  to  exceed  the  limits  of  the  elasticity  of  the  silk;  and  in 
that  case  a  permanent  derangement  of  the  molecules  of  the  dlk  will 
take  place,  and  it  will  not  recover  its  original  form. 

The  same  effects  would  ensue  if  the  weight  had  been  suspended'  to 
a  fine  wire  of  copper,  silver,  or  any  other  metal,  hut  the  limit  at 
which  the  twisting  would  prodace  a  permanent  derangement  of  form, 
or,  in  other  words,  the  limit  of  play  of  the  elastic  principle,  would 
be  different. 

110.  Dilalation  hy  eUnation  of  temperature. — When  the  exten- 
sion 01  augLoentation  of  the  volume  of  a  body  is  produced  by  any 
phyacal  agency,  such,  for  example,  as  heat,  not  coming  under  the 
denomination  of  mechanical  force,  it  is  called  dilaiation.  All  bodies 
whatever,  when  submitted  to  the  action  of  heat,  are  susceptible  of  hav- 
ing their  dimensions  enlarged ;  and  to  this  augmentation  of  maguitude, 
or  dilatation  by  incremse  of  temperature,  there  is  no  practical  umit. 

Innumerable  examples  of  the  operation  of  this  principle  in  the 
arts  and  sciences  may  be  produced, 

111.  Example  I. — Dilalation  of  liquids  in  thermometers. — In  the 
thermometer  the  dilatation  of  a  liquid  is  used  aa  the  measure  of  the 
degree  of  heat  which  produces  it.  This  instrument  consists  of  a 
glass  bulb  attached  to  a  tube  of  small  bore.  The  tube  and  part  of 
the  bulb  are  filled  with  a  liquid.  As  the  temperature  to  wliicli  the 
instrument  is  exposed  is  increased  or  diminished,  the  liquid  affected 
by  it  expands  or  contracts  in  a  much  greater  degree  than  does  the 
glass  in  which  the  liquid  is  contained.  The  consequence  of  this  is, 
that  in  order  to  find  room  for  its  increased  volume,  a  portion  of  the 
liquid  in  the  bulb  is  forced  into  the  tube.  The  column  in  tie  tube 
consequently  becomes  longer,  and  its  increase  of  length,  measnied  by 
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a  scale  attached  to  the  tube,  baeomes  a  measure  of  tlie  iuereasef' 
temperature. 

112.  Example  II. —  Useful  appUcation  of  dilatalion  and  conlraa 
tion  of  metallic  ban. — The  dilatation  and  contraction  of  metal  conse- 
quent upon  ehange  of  temperature  baa  been  applied  some  time  age 
in  Parb  to  rsstore  the  walla  of  a  tottering  building  to  their  proper 
portion.  In  the  Conservatoire  des  Arts  et  Mitiers,  the  walls  of  f 
part  of  the  building  were  forced  out  of  the  perpendicular  by  the  wdghi 
of  thp  roof  BO  that  each  wall  was  leaning  outwards.  M.  Molard  con- 
1      ^  P  yi  g  li  istible  force  with  which  metals 

ac     n       bgtodwhwll    together.     Bars  of  iron  wero 
p  acec    n  parall     d  he  building,  and  at  right  angles 

h  d  ti  n  f  h  wall  B  nj,  passed  through  tlie  walla,  nata 
w  n    h        nds  he  building.     Every  alternate 

bw  hnL  dbymp  db  nuts  screwed  oiosc  to  the  walls. 
Thb^s  bnood,    n     h      ngths  being  diminished  by  con- 

traction, the  nuts  on  their  extremities  were  drawn  together,  and  with 
them  the  walls  were  drawn  through  an  equal  space.  The  same  pro- 
cess was  repeated  with  the  intermediate  bars,  and  so  on  alternately, 
'  until  the  walls  were  brought  into  a  perpendicular  position. 

113.  General  ejects  of  dilatation  and  contraction.  —  Since  there 
is  a  continual  change  of  temperature  in  all  bodies  on  the  sm-face  of 
the  globe,  it  follows  that  there  is  also  a  continual  change  of  magni- 
tude. The  subsfancM  which  surround  us  are  constantly  swelling  and 
contracting  under  the  rirassitudeB  of  heat  and  cold..  They  grow 
smaller  in  winter,  and  dilate  in  summer.  They  swell  their  bulk  on 
a  warm  day,  and  contract  it  on  a  cold  one.  These  curious  pheno- 
mena are  not  noticed  only  because  our  ordinary  means  of  obsei-vatioa 
are  not  sufficiently  accurate  to  appreciate  them.  Nevertheless,  in 
some  faraibar  instances,  the  effect  is  very  obvious.  In  warm  weather 
the  flesh  swells,  tie  vessels  appear  filled,  the  hand  is  plump,  and  the 
skia  distended.  In  cold  weather,  when  the  body  has  been  exposed 
to  the  open  air,  the  flesh  appears  to  contract,  the  vessels  shrink,  and 
the  skin  shrivels. 


114,  Ml  mailer  inert. — The  quality  of  matter  which  stands  fore- 
most in  imporlanoe  in  all  mechanical  inquiries,  forming  tbe  basis  of 
the  whole  tiieory  of  foroe  and  motion,  is  inactivity  or  inertia  ;  and 
important  as  this  quality  is,  there  is  perha^  nothing  which  has  given 
rise  to  so  many  erroneous  conceptions. 


INACriViTY.  5S 

Ttese  errors  have  eLiefly  arisen  from  the  adoption  of  a  viciou,^ 
phraseology  ou  the  part  of  many  writers  on  Natural  Philosophy. 

Inactivity  or  inertia,  as  the  form  of  the  words  implies,  is  a  nega^ 
tive  quality.  It  conastg  in  the  absence  of  a  eertaia  qiiallty,  which 
must  he  first  defined  before  these  terms  can  he  understood. 

Activity,  as  used  in  mechanics,  would  signify  a  power  of  sponta- 
neous motion ;  suoh  a  power,  for  esample,  as  accompanies  vitality. 
If  a  moss  of  matter,  being  at  rest  and  uninflacDced  by  any  extern:^ 
agency,  could  put  itself  ia  motion,  then  it  would  have  activity. 

If,  however,  a  mere  mass  of  matter,  being  at  rest,  and  uaiaflueaoed 
by  any  external  agency,  cannot  put  itself  m  motion,  then  this  mass 
of  matter  is  not  endued  with  activity,  or,  in  other  words,  it  has  the 
quality  of  inactivity  or  inertia. 

Inactivity,  then,  is  the  quality  in  virtue  of  which  matter  is  incapa- 
ble of  spontaneous  change.  Whatever  be  its  state  of  rest  or  motion, 
in  that  state  it  must  continue  so  long  as  it  is  not  affected  by  any  ex- 
ternal agencj". 

This  quality  of  inactivity  is  one  of  the  eai-Iiest  and  most  unirersal 
results  of  observation.  It  is  equivalent  to  stating  that  matter,  as 
mere  matter,  is  deprived  of  life ;  for  spontaneous  action  is  the  only  test 
of  the  presence  of  the  living  principle. 

Accordingly,  if  we  observe  a  mass  of  unorganized  matter  undergo 
any  change  as  to  motion  or  rest,  we  never  seek  for  the  cause  of  the 
change  in  the  body  itself;  we  look  for  some  external  cause  pro- 
ducing it. 

115.  Inerlia  is  inability  to  change  state  of  rest  or  motion. — At  any 
given  moment  of  time  a  body,  mechanically  considered,  must  be  in 
one  01  other  of  two  states,  rest  or  motion.  Inertia  or  inactivity  ia 
the  total  absence  of  all  power  in  the  body  to  change  its  state.  If  tha 
body  be  at  rest,  it  cannot  put  itself  in  motion ;  if  the  body  be  in  mo- 
tion, it  can  neither  change  that  motion,  nor  reduce  itself  to  rest.  Any 
Buoli  change  must  be  produced  from  some  external  c^ause  independent 
of  the  body, 

116.  Vis  inertite,  a  term  leading  to  erron'ous  conclusions  — The 
phrase  cis  inertia,  or  force  of  resistance,  used  in  miny  tieatises  on 
J^iaturaJ  Philosophy,  has  been  a  fertile  source  of  erroi  Such  a 
phrase  implies  a  dispoation  in  matter  to  K'ntt  being  put  m  motion 
when  at  rest.  Now  np  such  disposition  is  found  to  esist,  and  if  it 
did  exist,  it  would  be  as  utterly  incompatible  with  the  quahty  of  in- 
activity as  is  the  power  to  produce  spontaneous  motion. 

117.  Erroneous  supposition  that  matter  is  more  inclined  to  rest 
than  to  motion.  —  Innumerable  effects  which  fall  daily  under  our  ob- 
servation pi-ove  to  us  the  inability  of  mere  matter  when  at  rest  to 
put  itself  in  motion,  ot  when  in  motion  to  augment  its  speed;  but, 
on  the  other  hand,  we  have  not  the  same  direct  and  manifest  evidence 
of  its  inability  to  destroy  or  diminish  any  motion  which  it  may  have 
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received;  luid  it  happens,  therefore,  that  while  few  will  deny  to  mat- 
ter the  former  effect  of  iaertia,  many  will  at  firat  doubt  or  fail  to  com- 
prehend the  latter. 

Philosophers  themselves,  so  lafe  as  the  epoch,  signalized  hy  the 
writings  of  Baooiij  held  it  as  a  maxim  that  matter  is  more  inclined  to 
rest  than  to  motion ;  and  this  heing  so,  we  cannot  he  suiprised  to  find 
those  who  ha¥e  cot  been  familiar  with  physical  science  still  slow  to 
helieTe  that  a  body  once  put  in  motion  would  continue  for  ever  to 
move  in  the  same  direction  and  with  the  same  speed,  unless  stopped 
by  some  external  cause. 

But  a  careful  examioatiou  of  the  circuin stances  which  affect  the 
movement  of  the  bodies  around  us  with  which  we  are  most  lamiliar 
will  soon  convince  us,  that  in  every  case  in  which  we  observe  the  mo- 
tion of  those  bodies  gradually  diminished,  or  entirely  destroyed,  such 
effects  arise,  not,  as  has  been  erroneously  supposed,  from  any  natural 
disposition  of  the  bodies  themselves  to  be  retarded  or  brought  to 
rest,  but  from  the  opei'ation  of  causes  of  which  there  is  no  difficulty 
in  rendering  au  account. 

In  some  of  the  modem  popidar  works  on  Natural  Philosophy,  a 
trilling  experiment  is  mentioned  as  an  example  of  the  effect  of  inertia, 
and  explained  on  principles  somewhat  erroneous.  A  card  being 
placed  on  the  top  of  the  finger,  and  a  coin  placed  on  the  card,  a  sud- 
deu  blow  heing  given  with  the  hack  of  the  nail  to  the  edge  of  the 
card,  it  will  be  projected  from  its  place  between  the  coin  and  the  fin- 
ger, the  coin  remaining  unmoved  on  the  finger. 

This  has  been  explained  by  stating  that  the  inertia  of  the  coin  is 
comparativeh'  so  great,  that  the  friction  produced  between  it  and  the 
card  is  insufficient  to  move  it  from  its  place. 

If  by  these  words  it  be  understood  that  the  coin  resists  the  force 
exerted  upon  it  by  means  of  the  friction,  it  is  erroneous,  and  would  be 
incompatible  with  that  quality -of  inertia  to  which  the  effect  is  ascribed. 

The  correct  explanation  of  the  experiment  is  aa  follows.  A  part 
of  the  momentum  given  to  the  card  by  the  blow  is  communicat«d  to 
the  coin  in  consequence  of  the  resistance  to  the  motion  of  the  card 
produced  by  the  friction  which  takes  place  betweea  it  and  the  coin. 
But  the  coin  contains  comparatively  so  much  matter,  that  this  mov- 
ing force,  when  distributed  among  its  component  particles,  which  it 
will  necessarily  be,  will  give  to  the  whole  coin  a  velocity  in  the  direc- 
tion of  the  motion  of  the  card  incomparably  smaller  than  that  of  the 
card,  and  so  small  that  the  resultant  of  (his  force  and  of  that  pro- 
duced by  the  weight  of  the  coin  upon  the  finger,  scarcely  deviates 
from  the  direction  of  the  weight  of  the  coin :  consequently,  although 
the  coin  remains  on  the  finger,  it  does  not  remain  precisely  in  the 
same  position  over  the  finger  which  it  had  when  it  rested  on  the  card; 
its  position  will  be  changed  in  a  slight  degree  in  the  direction  of  the 
motioQ  of  the  card. 
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118.  W7iy  the  motion  of  bodies  is  in  general  retarded,  and  uM- 
malely  destroyed.  —  Wten.  a  stone  is  rolled  along  the  sui'feice  of  the 
ground,  the  inequalities  of.  its  form,  as  well  as  those  of  the  ground  on 
which  it  moYes,  present  impediments  which  gradually  retard  its  moTa- 
ment,  and  soon  brinK  it  to  rest.  Render  the  stone  round  and  smooth, 
and  the  ground  level,  and  the  motion  will  bo  considerably  prolonged; 
a  nrach  longer  interval  will  elapse,  and  a  much  greater  space  will  be 
traversed,  before  it  will  come  to  rest.  But  Bsperitiea  more  or  le^ 
considerable  will  sfill  remain  on  tfae  surface  of  the  stone,  and  on  the 
surface  of  the  ground.  Substitute  for  it  a  ball  of  highly  polished 
metal,  moving  on  a  highly  polished  steel  plane  truly  level,  and  then 
the  motion  mill  continue  for  a  very  long  time 

But,  even  in  this  case,  aspeiities  wjll  remain  en  the  surface  of  the 
moving  body,  as  well  is  on  the  surface  on  which  it  moves,  which  will 
gradually  destroy  the  motion,  and  ultimately  hrmg  it  to  rest. 

But,  independently  of  the  obstinotions  to  the  motion  of  bodies 
arising  from  the  friction  of  the  surficus  which  moTe  in  contact  with 
each  other,  oil  motions  which  taie  place  on  or  near  the  surface  of  the 
earth  are  necessarily  made  in  the  fluid  medium  of  the  atmosphere. 
This  fluid,  however  attenuated,  stili  offers  considerable  resistance  to 
the  motion  of  bodies  through  it  An  i.sti.n'iW  flat  surface  spread  at 
right  angles  to  the  direction  of  the  motion  will  thus  meet  a  powerful 
resistance.  This  resistance  arises  fiom  the  bjdy  moved  being  com- 
pelled to  push  out  of  its  way  a  volume  of  air  proportional  ta  the 
extent  of  flie  surface  which  the  body  piesents  in  the  direction  of  tho 
motion.  If  on  a  ealm  day  an  open  umbrella  be  carried  with  its  con- 
cave surface  presented  in  the  diiectiou  m  which  we  are  mOTing,  a 
powerful  resistance  will  be  encounteieJ,  which  will  increase  with 
every  increase  of  speed 

119.  Astronomy  supplies  conclusive  poofs  of  the  law  of  inertia. — 
As  these  caases  of  resistance  to  the  motion  of  bodies  are  everywhere 
present  on  and  near  the  surface  of  the  earth,  we  are  unable,  by 
direct  experiment,  to  establish  tho  proposition  that  a  body  when  once 
put  in  molion  would  continue  for  ever  to  move  in  the  same  direction, 
and  with  the  same  speed,  if  undisturbed;  but  astronomical  observa- 
tions supply  an  immense  mass  of  evidence  to  establish  this  principle. 
In  the  heavens  we  find  a  vast  apparatus,  every  movement  of  every 
part  of  which  establishes  incontrovertibly  the  inertia  of  matter,  inas- 
much as  the  reasoning  by  which  all  these  motions  are  explained,  and 
by  which  all  these  phenomena  are  predicted,  is  based  upon  the  fun- 
damental prindple  of  the  complete  inertia  of  matter.  The  celestial 
bodies,  removed  from  alj  the  casual  obstructions  and  resistances  on 
the  surface  of  the  globe  which  disturb  our  reasoning,  roll  on  in  their 
appointed  paths  with  nnerring  regularity,  preserving  undiminished  all 
that  motion  which  they  received  at  their  creation  from  the  liand 
which  launched  tbem  into  space.     These  phenomena  aloBe,@^^(gi>|^' 
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ported  by  other  rea=oniug,  would  he  oufScieat  to  eaUblisli  tlie  qualatj 
of  inertia;  but,  \iewed  ui  LOnnectnn  with  the  ither  Circumstances 
already  mentionecl,  and  with  the  whole  supersiruoturo  of  mechamcal 
Bcience,  leading  to  innumerable  tiuths  verified  by  daily  and  houily 
experience,  no  doubt  can  remain  thit  this  impoitant  principle  i?  a 
universal  law  of  uifuie 

120.  Exajaphs  of  inertia. — The  following  examples  will  illustrate 
the  qualities  of  inertia ; — 

121.  Example  I. — Effect  of  sudden  change  of  speed  onhorseiack 
or  in  a  carriage. — If  a  horse  or  vehicle  of  any  kind  moving  with  con- 
siderable speed  be  suddenly  stopped  by  any  cause  which  doea  not  at 
the  same  time  affect  the  rider  or  those  who  are  transported  by  the 
vehicle,  then  the  body  of  the  rider,  or  those  who  are  transported, 
still  retaining  the  progressive  motion  of  which  the  horse  or  vehicle  is 
suddenly  deprived,  will  be  projected  forwards;  and  unless  some 
means  of  rcHstance  be  adopted,  the  rider  will  be  thrown  over  the 
head  of  tlie  horse,  and  the  passengers  thrown  forwards  from  the 
vehicle. 

la  the  samo  maunor,  if  a  horse  or  vehicle  being  at  rest  be  sud- 
denly started  forwards  with  considerable  speed,  the  rider,  or  the  per- 
sons placed  upon  the  vehicle,  not  being  as  suddenly  affected  by  the 
same  forward  motion,  will  be  thrown  backwards. 

In  both  those  cases  the  effects  are  the  consequence  of  the  quality 
of  inertia.  In  the  one  case  they  manifest  the  tendency  of  the  bodies 
to  continue  the  motion  they  have  already  received,  and  in  the  other 
they  manifest  the  disposition  of  the  same  bodies  to  continue  at  rest. 

122.  ExAMiT-B  II. — Leaping  from  a  carriage  in  motion.  —  If  a 
passenger  in  a  carriage  which  moves  with  considerable  speed  leap  to 
the  ground,  he  will  fall  in  the  direction  in  which  the  carriage  is 
moving;  for  in  descending  to  the  ground  his  entire  body  will  still 
retain  all  the  progressive  motion  which  it  had  in  common  with  the 
carriage.  When  hia  feet  touch  the  ground,  they  and  they  alone  will 
be  suddenly  deprived  of  this  progressive  motion,  which  being  re- 
tained by  the  remainder  of  ha  body,  he  will  fall  as  if  he  were  tripped 
up  by  some  object  impeding  hia  motion,  in  the  direction  of  the 
carriage. 

123.  Example  III. — Coursing. — The  sport  of  coursing  presents 
many  amusing  and  instructive  examples  of  the  force  of  inertia. 
From  the  movements  of  the  hare,  one  might  suppose  that  he,  in- 
deed, is  an  expert  mechanical  philosopher.  The  hound  which  pur- 
sues it  being  a  comparatively  heavy  body,  and  moving  at  the  same  or 
a  greater  speed,  cannot  suddenly  arrest  its  course,  because,  in  virtue 
of  its  inertia,  it  has  a  tendency  to  proceed  forward  in  the  same 
Btraight  line. 

The  hare,  a  comparatively  light  body,  and  moreover  being  pre- 
pared for  the  evolution,  first  gradually  retards  its  motion  so  as  to 
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dimmish  the  effeofa  of  meitii,  ind  at  the  moment  when  the  houni^, 
urged  to  its  extreme  '.peed,  11  m  the  act  of  leizmg  the  game,  tho 
hare  desteroiisly  tuiDS  at  in  acute  nDgle  to  its  foimer  course,  leaving 
the  hound  propelled  forwards  m  the  diiection  m  which  it  was  pre- 

Ihua,  if  the  line  A  b  (Jig  2)  represent  the  direo- 
tim  in  which  the  houni]  was  puiauing  the  hare,  the 
hare  having  anived  at  the  poiat  c,  feuddenly  turns  iu 
the  direction  0  D,  while  tho  hounl,  unprepared  for  the 
tuch,  and  liuined  forwaid  hy  the  mertia  of  its  motion, 
la  earned  on  in  the  direction  A  b  to  the  point  b,  while 
thf  hire  h\s  paiwed  along  the  Ime  c  D  to  the  point  D. 
The  di&tauce  bow  hetween  the  hound  and  the  hare  is 
the  line  B  D,  the  base  of  the  ohtu^e  angle  formed  by 
two  lines,  c  B  inl  c  d,  simultaneously  moved  over  by 
the  hound  and  the  hiri. 


124.  Properties  general  and  specific.  —  The  qualities  of  matter 
which  have  been  iUustratcd  and  esplained  in  the  preceding  chapters, 
are  those  which  are  common,  in  a  greater  iJr  less  degi-ce,  to  all 
bodies,  in  whatever  form  or  under  whatever  circumstances  they  may 
exist.  There  remains  to  be  noticed  another  group  of  properties 
which  may  be  denominated  for  distinction,  specific  properties,  being 
fouad  in  some  epedes  of  matter  and  not  in  othera,  or  at  least  vary- 
ing in  degree  so  extremely  in  different  sor^  of  bodies  as  to  give  them 
specific  characters. 

125.  Elasticity  and  hardness.  —  Although  the  property  of  elas- 
ticity in  its  generil  sense  may  he  considered  as  one  which  in  various 
m  bod       y        is  man         d  p      h     a 

bdesdff  h  mb  rrily 

as  ghm      peofihrate       I       m        te 

dwh         hmh  q       y  whi  h  n  y  b    ca     d  ft 

Tq  nrfdtnfh  bwhh 

k 
whhted         hjj  fig         fhby 

6    R  d         f  — H   d        IS  di  ti       f  m 

ns        a.wfrqn       fi        hm       d  hoc        p  s^  sa    h 

J  m    h  ^ee  j,h 


c^^  ^l 


58  PROPERTIES   OF   MATTER. 

example,  ia  harder  than  gold,  or  even  than  platinum,  which  is  still 
harder  and  denser  than  gold.  A  piece  of  glass  will  scratch  the  sur- 
face of  gold  or  platinum,  an  effect  which  shows  that  the  particles  of 
gold  or  platinum  jield  and  are  displaced  more  easily  than  those  of 
glass.  _     _. 

Again,  in  comparing  different  species  of  metals  one  with  another, 
their  hardness  is  evidently  independent  of  their  densities.  Gold  and 
platimiia,  the  most  dense  of  metals,  are  softer  than  iron  or  zinc,  which 
M«  much  lighter.  Among  the  hardest  of  the  metals  are  iron,  zinc, 
copper,  manganese,  nickel,  titanium,  and  pelagium.  The  softest  of 
the  common  metals  is  lead,  hut  the  new  metals  developed  by  chem- 
ical enquiries,  such  as  potassium  and  sodium,  ai-e  so  soft  ^  to  yield 
under  the  finger  like  putty. 

127.  Hardness  of  a  metal  may  he  modified.  —  Some  metals  are 
capable  of  having  their  structure  modified  without  the  combination 
of  any  other  substance  with  them,  so  as  to  reuder  them  harder  ot 
softer  within  certain  limits  at  pleasure.  Thus  steel,  when  heated, 
and  then  suddenly  cooled  by  heing  plunged  in  cold  water,  becomes 
harder  than  glass ;  but  if  it  he  cooled  more  gradually,  then  it  becomes 
soft  and  flexible. 

12S.  Effects  of  elasticity.  —  Elasticity  manifests  itself  ia  various 
ways  according  to  the  form  and  character  of  the  body  to  which  it  be- 
longs. The  elaatJcity  of  a  flat  and  thin  bar  of  steel  is  manifested  by 
the  force  with  which  it  will  recover  its  figure  when  bent  by  lateral 
pressure;  the  elasticity  of  an  ivory  ball  is  manifestod  by  the  force 
with  which  it  will  recover  its  figure  when  flattened  by  impact 
agMnst  some  hard  surface.  In  the  case  of  a  steel  spring,  the 
body  yields  to  a  slight  pressure,  readily  changing  its  form;  in  the 
case  of  an  ivory  ball,  the  body  does  not  yield  to  mere  pressure,  and 
requires  the  force  of  impact  to  produce  change  of  form. 

When  the  force  with  which  the  form  of  a  body  is  recovered  is 
equal  to  the  force  by  which  its  form  has  been  changed,  the  elasticity 
is  said  to  be  perfect.  Thus,  if  a  bent  spring  recover  its  position  when 
relieved  irom  the  force  which  bent  it  with  an  energy  equal  to  such 
bending  force,  then  the  spring  is  said  to  be  perfectly  elastic ;  but 
when  the  restoring  force  is  less  than  the  bending  force,  the  elasticity 
is  imperfect.  In  the  same  manner,  if  an  ivory  ball  flattened  by  a 
blow  recover  its  form  with  a  force  equal  to  that  of  the  blow  which 
flattens  it,  the  elasticity  is  perfect,  hut  otherwise  imperfect. 

129.  JVo  body  eillier  perfectly  elastic  or  perfectly  inelastic.  —  It 
lias  been  erroneously  said  in  some  popular  treatises,  that  while  some 
bodies  are  highly  elastic,  others  are  utterly  deprived  of  this  quality. 

It  is  more  esaot  to  say  that  no  body  whatever  is,  in  an  absolute 
sense,  either  perfectly  elastic  or  perfectly  inelastic.  All  bodies  pos- 
sess some  degree  of  elasticity,  however  small,  and  no  known  body  is 
absolutely  and  perfectly  elastic.     But  some  bodies  such  as  the  gases. 
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for  example,  possess  elasticity  in  so  high  a  degree,  and  otters,  such 
na  the  liquids,  in  a  degree  comparatively  so  small,  that  not  only,  in 
papular  language,  ia  the  one  considered  elastic  and  the  oUier  inelas- 
tic, but  it  has  been  found  convenient  tfi  assume  hy^thetically  these 
two  qualities  of  perfect  elasticity  and  perfect  inelasticity  as  the  bases 
of  those  divisions  of  physical  science,  in  which  the  lavfs  wliicli  regu- 
late the  phenomena  of  liquids  and  gases  ate  developed. 

It  has  been  already  shown,  however,  that  liquids  themselves  admit 
of  some  compression,  and  it  may  be  added  that  they  recover  their 
volume  with  a  force  sensibly  equal  to  the  compressing  force;  and  to 
this  extent,  and  in  this  sense,  they  are  therefore  almost  perfectly  elastic. 
130.  Elaslir.ity  not  proportional  to  hardness.  —  The  quality  of 
elaatidty  is  intimately  connected  with  that  of  hardness ;  so  much  so, 
that  it  baa  sometimes  been  said  that  one  quality  is  proportional  to  the 
other.  This  is,  however,  erroneous.  Many  of  the  gums,  and  emi- 
Eeatly  that  called  caoutchouc,  are  highly  elastic,  and  yet  these  sub- 
stances are  among  the  softest  of  the  solids.  The  elasticity  of  caout- 
chouc is  nearly  perfect,  and  yet  this  substance,  especially  when  it  is 
warm,  has  great  softness.  On  the  other  hand,  glass,  flint,  marble, 
and  ivory,  word  examples  of  solids  in  which  hardness  is  combined 
with  great  elasticity. 

Putty,  wet  paste,  moist  clay,  and  similar  bodies,  afford  examples  of 
BubstaQces  nearly  deprived  of  elasticity.  The  figure  of  any  of  these 
may  be  changed  by  pressure  or  by  impact,  and  no  tendency  to  re- 
cover the  figure  so  changed  is  perceptible. 

131.  Vibratory  metals.  —  Sound,  as  will  be  explained  hereafter, 
is  produced  by  vibration  imparted  to  the  air  by  some  solid  body 
which  is  itself  in  a  state  of  sympathetic  vibration.  It  is  obvious, 
therefore,  that  the  metals  best  suited  for  bells,  and  other  forms  of 
matter,  intended  to  produce  sound,  must  be  those  which  arc  most 

132.  Hardness  and  elasticity  of  metals  affected  hy  their  combina- 
tion.— The  hardness  and  elasticity  of  metals  are  afibcted  ia  a  stiiking 
manner  by  their  combination. 

It  often  happens  that  two  metals,  neither  of  which  is  eminently 
hard  or  clastic,  produce  by  their  combination  in  certain  proportions, 
one  which  possesses  these  qualities  in  a  high  degree.  Thus,  bells 
formed  of  pure  copper,  or  of  piwe  tin,  will  have  littie  sonorous  qua- 
lity; but  if  these  two  metals  be  combined  in  a  certain  proportion,  the 
■■orabined  metal  will  give  a  beautiful  musical  sound.  The  compounds 
of  different  metab  which  have  this  quality  are  accordingly  known  as 
hett  metal. 

133.  Flexibility  and  brittleness. — When  a  body  easily  yields,  and 

changes  its  form  in  obedience  to  a  force  exerted  at  right  angles  to  its 

length,  as,  for  example,  when  a  bar  being  supported  at  the  middle  is 

pressed  upon  the  ends,  it  is  said  to  be  flexible;  but  if  upon  the  ac- 
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tion  of  such  a  force,  instead  of  yielding  and  cLangiiig  its  form,  it 
breaka,  it  is  eaid  to  be  brittle, 

flesibilil^  and  brittleneaa  are  specific  qualities  ■wliiob  bodies  possess 
in  an  infinite  variety  of  degrees. 

In  general,  brittleaeaa  is  eonneotod  witb  hardness;  nor  is  it,  as 
might  at  first  appear,  at  all  inconsistent  with  certain  forms  of  elas- 
ticity. Glass,  for  example,  which,  is  highly  elastic,  is  also  the  most 
brittle  of  known  au.l«tances. 

Brittleaess,  like  hardness  and  elasticity,  is  a  quality  which  the 
same  body  may  acquire,  or  be  deprived  of,  according  to  eei-taiu  condi- 
tions to  which  it  may  be  subjected. 

Thus,  tlie  metals,  iron,  steel,  brass,  and  copper,  if  they  be  heated 
and  suddenly  cooled,  by  being  plunged  in  cold  water,  will  become 
brittle;  but  if,  when  heated,  ttiey  are  buried  in  a  hot  sand-bath,  and 
allowed  to  cool  very  gradually,  then  they  will  lose  their  brittleneas, 
and  acquire  the  contraiy  quality  of  flexibility. 

134.  MalleaMlily. — Malleaoihty  is  a  quality  by  which  the  nietaJa 
in  general  are  eminently  distingui^ed,  but  which  they  possess  in  es- 
treiaely  different  degrees.  Tim  property  is  one  in  virtue  of  which  a 
substance  admits  of  being  reduced  to  thin  plates  or  leaves  under  the 
blow  of  a  hammer,  or  the  intense  pressure  of  rollers.  No  process  is 
of  more  extensive  use  in  the  arts.  In  large  iron  worts,  grant  lumps 
of  metal  at  a  white  heat,  but  still  solid,  are  taken  from  the  furnace, 
stuck  upon  the  end  of  a  long  bar  of  iron,  and  placed  under  a  sledge 
hammer  of  enormous  weight,  which  lapidly  strikes  them,  and  reducea 
them  to  an  elongated  form  ajjpioaehing  to  that  ot  an  irba  bar.  The 
metai,  being  still  red  hot,  is  theu  passed  between  rollers,  which  are 
formed  to  the  shape  of  the  traasvtise  -.ectiou  of  the  rails  used  on  our 
railways. 

When  pressed  between  and  drawn  tliiough  the^e  rollers,  the  rail 
has  acquired  its  proper  torm,  but  js  still  led  and  soft;  and  when  re- 
ceiTod  from  the  rollers  is  so  flexible,  that  it  bends  by  its  own  weight 
like  a  rod  of  wax.  It  is  then  laid  on  a  flat  surface,  where  it  cools  and 
haidens,  and  assumes  the  condition  of  the  rails  on  which  we  travel. 

The  malleability  of  bodies  depends  on  the  combination  in  them  of 
the  qualities  of  tenacity  and  softness,  Without  softness,  they  could 
not  yield  to  the  impact  of  the  hammer  or  the  pressure  of  the  roller; 
without  tenacity,  they  would  be  fractured  by  the  severe  process  of 
their  fobrication. 

The  most  raalleable  of  the  metals  are  gold,  silver,  iron,  and  copper. 
135.  Malleability  varies  loilh  temperature,  —  The  malleability  of 
a  metal  varies  in  degree  according  to  its  temperature,  There  are 
certain  temperatures  in  which  this  quality  exists  in  the  highest  de- 
gree. Iron  is  moat  malleable  when  it  first  attains  the  white  heat 
which  follows  "the  red;  zinc  becomes  malleable  at  a  much  lower  tem- 
Tieiutui'e,  possessing  this  quality  in  the  gi-eatest  degree  between  800° 
,.60     . 
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and  400"  Some  metals  posaesa  tlie  quality  of  mallealDility  in  so 
Bligtt  1  degree  as  to  be  in  ttia  respect  specifically  diflerent  from 
metals  m  general :  among  them  may  be  mentioaed  antimony,  arsenio, 
bi-rauth,  aud  cobalt,  all  of  which  are  brittle. 

Ihe  metals  may  be  rendered  brittle  as  they  are  rendered  hard,  by 
being  heated  and  then  suddenly  cooled,  in  which  case  they  lose 
their  malleable  quality.  This  quality,  however,  may  always  be  re- 
by  again  heating  them  and  cooling  them  gradually,  as  before 


136.  Process  of  annealing.  —  This  proofs  of  gradually  cooling, 
which  is  of  great  importance  in  the  arts,  is  called  annealing. 

Metals  are  aJso  rendered  brittle,  and  deprived  of  their  malleability, 
by  constant  hammering.  Thus,  a  bar  of  iron  may  be  hammered 
until  it  entirely  loses  its  flexibility.  In  this  case,  as  before,  the  mal- 
leability may  be  restored  by  heating  and  annealing. 

137.  WeldiTig.^- Metals  which  are  highly  malleabie  admit  of  be- 
ing united,  piece  to  piece,  by  the  process  called  welding.  In  thia 
process,  the  two  pieces  of  metal  are  raised  to  that  heat  at  which  they 
are  most  malleable,  and  the  ends  being  laid  one  upon  the  other,  are 
rapidly  beaten  by  a  welding-hammer.  The  particles  are  thus  driven 
into  such  intimate  contact,  that  tiiey  cohere,  and  form  one  uniform 
mass.     Different  metals  may  in  some  cases  be  thus  welded  together. 

138.  Duclilily. — The  property  in  virtue  of  which  a  metal  admits 
of  being  drawn  into  wire,  is  called  ductilily.  This  quality  is  also 
eminently  specific,  being  pcHsesaed  by  some  sorts  of  metal  iu  a  very 
high  degree,  while  others  are  entirely  destitute  of  it. 

139.  Duclility  different  from  malleahilily. — Ductility  is  a  quality 
which  must  not  be  confounded  with  malleability;  for  the  same 
metals  are  not  always  ductile  and  malleable,  or,  at  least,  do  not  pos- 
sess these  qualities  xn  the  same  degree. 

Iron  possesses  ductility  in  a  much  greater  degree  than  it  possesses 
malleability,  for  it  admits  of  being  drawn  into  extremely  fine  wire, 
thongh  it  cannot  be  beaten  into  extremely  thin  plates.  Tin  and 
lead,  on  the  other  hand,  are  highly  malleable,  being  capable  of  being 
reduced  to  extremely  attenuated  leaves ;  but  they  are  not  ductile, 
siuce  they  cannot  be  drawn  into  small  wire. 

Gold  and  platinum  pi^sess  both  ductility  and  malleability  in  a  high 
degree.  Gold  has  been  drawn  ialo  wire  so  fine,  that  180  yards' 
length  of  it  did  not  weigh  more  than  one  grain,  and  aa  ounce  weight 
would  consequently  extend  over  fifty  miles. 

140.  Tenacity. — The  property  in  virtue  of  which  a  body  resisia 
the  separation  of  its  parts,  by  estension  in  the  direction  of  its  length, 
is  called  lenaciiy.  This  manifestation  of  strength  must  be  careMly 
distinguished  from  that  of  which  the  absence  or  feebleness  is  ex- 
pressed by  brittleaess.  The  one  form  of  strength  may  exist  in  the 
highest  degree  in  a  body  in  which  tho  other  is  in  the  lowest  degree. 
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A  thia  rod  of  glass,  if  laid  at  its  middle  point  on  auy  support,  will 
te  broken  bj  the  slightest  force  pressing  on  its  ends  ;  but  tbe  aame 
rod,  if  suspended  by  one  end  in  a  vertiod  posifion,  wiU  sustain  an 
immense  weight  attached  to  the  lower  end  without  being  broken.  It 
has  at  once  great  brittleness  and  great  tenacity;  while  its  longitudi- 
nal strength  is  considerable,  its  lateral  strength  is  almost  nothing. 

Different  bodies  vary  extremely  in  their  tenacity.  Experiments 
Lave  been  made  on  au  extensive  scale  for  determining  tbe  tenacity  of 
those  bodies  most  used  in  the  arfa.  The  tenacity  of  metals  has  been 
tested  by  suspending  a  weight  from  the  end  of  a  wire. 

141.  Table  showing  the  relative  Unaeities  ofmelah. — In  the  fol- 
lowing table,  the  greatest  weights  are  given  which  were  found  to  be 
supported  by  wires  of  the  difierent  metals,  having  a  diameter  of 
■j^Jg^ths  of  an  inch' 

Weifebts  eni  ported. 

Iron  '•49  250  lb? 

Oopiei  302  27b  ' 

Platmum  274  320  " 

Silver  1«<7137  « 

Gold  150173  " 

Znc  109  540  « 

Im  34  630  " 

Leil  27  621  " 

Ihe  pi  cess  f  am  eihnt  which  imiroves  the  malleability  and 
ductility  rt  metal?  i"  found  in  some  c^=ca  aa  fur  exampk  in  iron, 
cofpcr  aul  the  eombiniti  ns  of  z  no  an!  copper  t    diminish  their 

In  orf,anized  substanei.''  those  which  posso-a  a  fibious  testuie  h^ve 
gieater  tenacity  than  tho«e  of  cellular  tissue  Hence,  we  hnd  that 
I  tton  hai  much  les*"  tenacity  than  thread  rope  or  sill. 

142  Tenacity  of  fibtous  textures  — L  Abbe  LabillTidieie  found 
that  threads  of  the  following  substances,  having  the  same  diameter, 
were  capable  of  supporting  weights  in  the  proportion  of  the  annexed 
numbers : — 

Silk 3400 

New  Zealand  Flax 2380 

Hemp 1633 

Flax  {common) 1175 

Ditto  (Pita)  (%awe  Americana) 700 

143.  Chemical  properties. — ^There  is  an  endlesa  variety  of  specific 
properties  of  bodies,  the  exposition  and  investigation  of  which  belong 
properly  to  chemistry.  It  will  bo  sufficient  here  to  notice  briefly  the 
distinctions  between  these  qualities  and  those  which  form  the  proper 
subjects  of  Natural  Philosophy,  commonly  so  denominated. 
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If  two  substances,  being  mised  togetlier,  retain  rCBpectively  their 
separate  qualities,  the  ccunbination  ia  said  to  be  a  meohamBal  mix- 
ture. Thus,  if  blue  and  yellow  powders  he  mingled  together,'  the 
mixture  will  appeai-  green ;  but  on  examining  it  with  a  microscope, 
it  will  appear  to  oonaiat  of  large  blocks  of  matter,  of  the  coloura  blue 
and  yellow,  these  being  the  particles  of  the  separate  powders  i-et^n- 
iug  their  diatinotive  qiralities,  which  are  mechanically  mingled.  The 
combination  produces  upon  the  eye  a  gveen  colour,  the  effect  of  the 
separate  particles  being  too  minute  to  be  separated  by  unassisted 

There  are  two  gases,  called  oxygen  and  hydrogen,  which  haYc  the 
common  mechanical  properties  of  atmospheric  air.  If  one  ounce 
weight  of  hydrogen  be  mingled  with  eight  ounces  of  oxygen,  the 
gases  will  be  interfused  and  mingled;  but  the  entire  mass  will  re- 
tain the  same  mechanical  qualities  as  before,  and  the  separate  par- 
ticles will  i-emiiu  side  by  side  in  the  misture,  exactly  as  did  the  par- 
ticles of  blue  and  yellow  powder  in  the  preceding  example. 

But  if  aa  electric  spark  be  imparted  to  this  mixture,  a  striking 
change  will  take  place.  The  mixture  will  in  an  instant  be  reduced 
to  water,  or  rather  to  vapour,  which,  being  cooled,  will  be  soon  con- 
verted into  water.  In  fact,  the  oxygon  has  in  this  case  united  with 
the  hydrogen,  and  the  mass  has  lost  the  mechanical  qualities  which 
it  possessed,  and  has  acquired  those  of  the  liquid  water.  This  is  a 
chemical  phenomenon. 

There  is  a  metal  called  sodium,  and  a  gas  called  chlorine,  each  of 
which,  separately,  is  poisonous,  and  destructive  of  life,  if  taken  into 
the  stomach  orlungs.  If  these  two  substances  be  brought  together, 
they  immediately  explode,  and  burst  into  flame.  If  the  substance 
resulting  from  this  phenomenon  be  preserved  and  cooled,  it  will  be 
found  to  be  common  kitehen-salt,  one  of  the  most  wholesome  con- 
diments, and  highly  antiputrescent,  Thus,  two  ingredients  possess- 
ing the  most  noxious  properties,  when  combined  chemically,  ioae 
those  properties,  and  produce  a  substance  wholly  different  in  form 
and  quantity. 

The  investigation  of  this  and  ail  similar  phenomena  belongs  to  the 
province  of  chemistry. 
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CHAPTER   I. 

THE   CO-MrOSITION  AND   KESOLUTIO.V   OS   rOItCES. 

144.  Force  produces,  destroys,  or  changes  motion.  —  Any  agency 
wTiioh,  applied  to  a  Lody,  impai'ts  motioti  to  it,  oi  produces  pressure 
upon  it,  or  causes  both  of  these  effects  together,  is  called  in  me- 
chanics, a  force. 

To  detei-miBO  a  force,  therefore,  with  precision,  three  things  are 
neceSEary : 

First,  the  point  of  the  hody  to  which  it  is  applied,  technically 
called  its  point  of  applicaiion  ; 

Secondly,  its  intensiiT/  or  quantity ;  and 

Thirdly,  ite  direction. 

145.  Force  expressed  hy  weight.  —  It  is  in  general  convenient 
and  customary  to  express  the  intensity  or  quanfity  of  forces  hy 
equi^Tilent  weights.  Weight  is  the  sort  of  force  with  which  we  are 
most  familiar.  Every  one  is  acquMnted  with  the  effect  produced  by 
the  pressure  of  a  given  weight;  and  whatever  be  the  force  whose 
iutensity  or  quantity  it  is  recjuired  to  express,  a  weight  may  he  named 
which  would  produce  the  same  effect.  Thus,  if  a  piece  of  iron,  at- 
tracted by  a  magnet,  be  resisted  by  any  surface,  it  will  press  against 
this  surface  with  a  certMn  force.  A  weight  may  in  this  case  he  as- 
sumed, which,  being  placed  in  the  dish  of  a  balance,  would  press  upon 
the  surface  of  the  cUsh  with  the  same  force.  The  intensity  of  the 
attraction  of  the  magnet  on  the  iron  would  then  be  expressed  by  the 
amount  of  such  an  equivalent  weight. 

,  146.  Direction  of  a  force.  —  When  a  force  applied  to  any  point 
of  any  body  causes  that  point  to  move,  the  direction  of  ils  motion  is 
the  direction  of  the  force.  If  the  force  do  not  produce  motion,  but  mere 
pressure,  then  the  direction  of  the  force  is  that  in  which  the  pressure 
is  directed,  and  in  which  the  point  would  move  in  obedience  to  the 
force,  if  it  were  free, 

147.  Effect  of  forces  acting  in  the  same  direction.  —  If  iwo  oi 
more  foroea  act  upon  the  same  point,  and  in  the  same  directicnj 

64 


COMPOSITION  AND  RESOLUTION  OF  FORCES.  65 

their  effect  will  be  equivalent  to  a  siDgle  force  wtich  ia  equal  to  tlieir 
sum.     This  is  so  self-evideBt,  that  it  scarcely  needs  demonstration. 

If  a  vehicle  be  drawn  by  three  horses,  one  placed  before  the  other, 
one  horse  pulling  with  a  force  of  80,  another  with  a  force  of  60,  and 
the  third. with  a  force  of  40  Iba.,  then  the  combined  action  of  the 
three  horsea  upon  the  vehicle  will  be  equal  to  the  action  of  a  single 
horse  which  should  pull  with  a  force  of  180  lbs,,  whicii  ia  equal  to 
80  lbs.  +  60  lbs.  +  40  lbs. 

lis.'  ResKltant  of  forces  in  the  same  direction.  —  A  single  force 
acting  on  a  body  which  would  thus  produce  the  same  motion  or 
pressure  as  sevend  forces  acting  together,  is  called  technically  the 
resultant  of  these  forces.  Thus,  in  this  preceding  example,  the  force 
of  180  lbs.  acting  on  the  vehicle  in  the  same  direction  as  the  three 
independent  forces  of  80  lbs.,  60  lbs.,  and  40  lbs,,  is  the  resultant 
of  those  three 

149.  Resultant  of  opposite  forces. — If  two  forces  act  upon  a 
body  in  opposite  directions,  then  the  lesser  of  these  forces  will  neu- 
tralize so  much  of  the  greater  as  is  equal  to  its  own  quantity,  and  an 
effective  foice  will  remain  in  the  direction  of  the  greater,  equal  to 
their  difference  This  is  also  self-evident.  If,  for  example,  a  vehicle 
be  pulled  backwards  by  t  weight  of  100  lbs-  acting  over  a  pulley,  and 
that  it  be  drawn  forwards  by  a  horse  acting  with  a  foree  of  150  Iba., 
then  100  lbs.  of  the  horse's  force  will  be  neutralized  by  the  weight 
which  draws  the  vehicle  backwards,  and  an  effective  force  of  50  lbs. 
will  remain  in  the  direction  of  the  horse's  traction. 

This  principle  is  stated  generally  by  saying  that  the  resultant  of 
two  forces  applied  to  the  same  point  in  opposite  directions,  is  equal 
to  their  difference,  and  in  the  direction  of  the  greater. 

K  any  number  of  forces  act  upon  the  same  point,  some  in  one 
direction,  and  the  others  in  the  direction  immediately  opposed  to  it, 
then  the  resultant  of  such  a  combination  of  forces  will  be  found  by 
taking  the  difference  between  the  sum  of  all  the  forces  which  act  in 
the  one  direction,  and  the  sum  of  all  the  forces  ^which  act  ia  the 
other  direetion ;  the  direction  of  such  resultant  being  that  of  the  forces 
whose  sum  is  the  greater. 

150.  Resultant  and  components  correlative  terms. — The  several 
forces  whose  combined  effect  ia  equivalent  to  that  of  a  single  force 
are  called  the  components  of  that  single  force. 

Thus  resultant  and  components,  as  applied  to  forces,  are  correla- 
tive terms.  The  resultant  is  mechanically  eqtial  to  the  combination 
lof  its  components,  and  the  components  are  mechanically  equal  to  the 
resultant. 

In  all  mechanical  inv^tigations,  one  of  these  can  be  substituted 
for  the  other,  the  components  for  the  resultant  or  the  resultant  for 
the  components,  without  in  any  wise  changing  the  condition  of  the 
body  on  which  such  forces  act. 
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151.  Resultant  of  forces  in  different  directions. — "VVhen  two 

ibices  applied  to  the  same  point  act  in  the  direction  of  differeut  and 

T|  diverging  straight  lines,  Euch  as  a  X  and 

AY  (Jig.  3.),  then  the  direction  and  quan- 

t  titf  of  their,  resultoct  is  not  so  erident  as 

I  ^^  '^       in  the  «ise  just  mentionecl.     It  is  indeed 

^^  apparent  that  the  combined  effect  of  two 

^^^..'^  gggjj  foj^gg  ijjj  t]^g  point  A  must  he  in  some 

_t^— ■ — ^^:^ S;    direction,  such  as  a  z,  intermediate  between 

Fig.  3.  AX  and  A  y;  hut  how  this  direction  A  z 

divides  the  angle  formed  bj  the  two  com- 
ponents is  not  apparent. 

The  following  example,  in  which,  as  nsual,  weights  are  used  to 
represent  the  forces  in  question,  will,  however,  elucidate  this. 

Let  two  weights  a  and  b  {jig.  4.)  he  attached  to  the  extremities 

of  a  flexible  cord  which  passes  over  two  pulleys,  m  and  n.     Let 

another  cord  he  knotted  to  this  at  any  intermediate 

point,  such  as  ? ;  and  let  a  thitd  weight  o  be  sns- 

^  pended  from  it.     The  weight  c  will  then  draw  the 

1    cord  which  unites  A  and  B  into  an  angle  M  P  (T. 

B   The  system,  after  some  oscillations,  will  come  to 

g  rest,  and  when  it  is  at  rest,  it  will  he  evident  that 

Fig,  4.  the  point  P  is  solicited  by  three  fore^;  1st,  by  the 

weigbt  A  acting  in  the  direcdon  of  the  line  P  m  ; 

2dly,  by  the  weight  b  acting  in  the  direction  p  n  ;  and  Sdly,  hy  the 

weight  C  acting  in  the  du'eotion  of  the  line  p  c. 

Now,  it  is  evident  that  the  weight  o  acting  in  the  direction  p  o 
would  equilibrate  with  an  equal  force  acting  in  the  opposite  direction 
p  c.  Since,  then,  the  weight  0  would  precisely  counterpoise  an  equal 
weight  in  the  direction  of  p  c,  and  that  it  is  also  in  eqnilihriura  with 
the  weights  A  and  b,  which  act  in  the  directions  p  m  and  P  u  respec- 
tively, it  follows  that  the  resultant  of  the  forces  A  and  B  acting  in 
the  directions  p  M  and  p  H  will  be  a  single  force  equal  to  c  acting  in 
the  direction  p  c. 

It  now  lemMns  to  show  in  what  maTiner  this  direction  of  the  teaul- 
tant  of  the  two  diverging  forces  m  and  n  is  connected  with  their 
quantities. 

Let  us  suppose,  for  esample,  that  the  weight  a  bs  6  ok.,  the  weight 
B  4  oz.,  and  the  weight  C  6J  oz.  If  then  we  take  upon  the  line  p  o  a 
distance  of  6^  inches,  and  if  we  draw  two  lines,  one  c  a  parallel  to 
p  N,  and  the  other  c  h  parallel  to  P  m,  so  as  to  form  a  parallelogram 
p  n  c  6,  we  shall  find,  on  measuring  the  side  p  a,  that  it  is  6  inches, 
and  on  measuring  the  aide  P  6,  that  it  is  4  inches. 

152.  "Vhe  composilion  of  forces.  —  Hence  it  appears,  that  while  the 
diagonal  p  c  consists  of  as  many  inches  as  there  are  ounces  in  the 
resultant  of  the  two  forces,  the  sides  of  the  parallelogi-am  which  are 
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ill  the  directioa  of  tliese  two  forces  respectively  consist  of  as  many 
inches  as  there  are  ounces  m  tLese  two  forces.  This  result  may  be 
enunciated  in  general  terms  as  follows : 

If  two  forces  acting  upon  the  same,powi,  be  represented  in  quan- 
tity and  direction  iy  two  lines  drawn  through  that  point,  then  Ike  re- 
sultant of  such  forces  ttiilt  ie  represented  in  quajtiity  and  direction 
by  the  duigonal  of  the  parallelogram  of  which  these  lines  are  the 
sides. 

But  it  may  tie  objected  that  the  result  we  have  obt^ned  by  the 
use  of  three  particuto  weights  may  he  accidental,  and  that  it  may  not 
always  happen  that  the  third  weight  c,  which  balances  the  other  two, 
will  throw  the  conducting  cords  into  Huch  directions  as  would  give 
the  remarkable  result  here  obtained. 

The  validity  of  such  an  objection  may  be  easily  tested  by  varying 
the  weights  at  pleasure,  and  by  submitting  the  position  of  the  string 
to  the  same  process  of  measurement  as  we  tare  given  abore.  It 
will  then  be  found  that  in  whatever  manner  the  three  weights  may 
be  varied,  the  knot  which  unites  the  three  strings  p  m,  p  n,  and  p  a 
will  invariably  establish  itself  in  such  a  position,  that  while  the  diago- 
nal p  c  will  measure  as  many  inches  as  there  are  ounces  in  the  resul- 
tant c,  the  sides  P  a  and  p  6  will  measure  as  many  inches  as  there 
are  ounces  in  the  components  A  and  B, 

The  proposition  which  we  have  here  established  is  of  the  utmost 
importance  in  all  mechanical  investigations,  and  is  known  as  the  pi-in- 
ciple  of  the  eomposilion  of  forces. 

153.  Resultant  and  components  mechanically  interchangeahle. — 
In  virtue  of  this  principle,  whenever  two  forces  in  different  directions 
act  upon  the  same  point  of  a  body,  a  single  force  determined  as 
above  by  the  diagonal  can  be  substituted  for  them  without  changing 
the  mechanical  state  of  the  body;  or,  on  the  other  hand,  if  a  single 
force  act  upon  any  point  of  a  body,  two  forces  acting  on  the  samo 
point  may  be  substituted  for  them,  provided  such  forces  can  be  repre- 
sented, in  quantity  and  direction,  by  the  sides  of  a  parallelogram 
whose  diagonal  represents  in  quantity  and  direction  the  single  force 
for  which  they  are  substituted, 

154.  Resolution  of  force.  —  As  the  expedient  of  substituting  a 
single  force  for  two  others  is  called  the  composition  of  forces,  the  re- 
veree  process,  of  substituting  for  a  single  force  two  others,  is  called 
,he  Tesolution  of  forces. 

155.  Resultant  of  any  number  of  forces  acting  in  any  directions  — 
If  any  number  of  forces  whatever  act  upon  the  sime  point  of  a  body, 
and  in  any  directions  whatever,  a  single  force  can  always  be  assigned 
which  will  be  mechanically  equal  to  them,  and  will  theiefcie  be  their 
resultant. 

After  what  has  been  established,  nothinj.  is  n  oi  ci=y  thin  the 
solution  of  this  question. 
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Let  the  several  single  foroea  supposed  to  act  upon  the  point  in 
qiiestiou  be  espressed  by  A,  B,  o,  D,  E,  &c. 

1st,  let  the  resultant  of  A  and  b  be  found  by  the  principle  of  the 
parallelogram  of  forces  explained  above,  and  let  this  resultant  be  a'. 

2d,  let  the  resultant  of  a'  and  c  be  found  by  the  same  principle, 
and  let  this  resultant  be  i'. 

3cl,  let  the  resultant  of  e'  and  d  be  found,  and  let  this  resultant  be 

In  this  way  we  shall  finally  arrive  at  the  determination  of  a  single 
force,  which  will  be  equivalent  to,  and  will  therefore  be  the  resultant 
of  the  entire  system, 

156.  Composition  ofjorcts  applied  to  different  paints.  —  In  what 
precedes  we  have  supposed  the  foroea  whoae  combined  effects  are  to 
be  determined  as  applied  to  the  same  point  of  the  body  on  which 
they  act.  It  often  happens,  however,  that  the  forces  are  applied  to 
different  points.  We  shall  therefore  now  proceed  to  consider  this 
case ;  and,  first,  we  shall  take  the  more  simple  condition  under  which 
the  forces  act  in  parallel  directions. 

157.  Beaullant  of  parallel  forces. -^  As  before,  we  shall  consider 
the  forces  represented  by  weights. 

Let  pand  p'  (fg.  5.)  be  the  points  to  which  the  two  forces  in 
question  are  applied, 
''^'"/i^'T^  ^^^    ^^^    ^fse  two 


1 


a  direction  by  paral- 
elcoi'dsPMandP' 


tity  by  two  weights  a 
and  a'  suspend  ed  from 
these  cords.  Now  the 
resultant  of  these  two 
weights,  A  and  a',  or 
the  single  force  which, 
would  be  equal  to 
them,  may  be  detcr- 
miued  by  means  precisely  amilar  to  those  which  we  have  adopted  in 
the  case  of  diverging  forces,  by  ascertaining  where  a  single  force  may  be 
applied  and  what  will  be  its  amount,  so  aa  to  balance  the  two  forces 
a  and  A'. 

For  this  purpose,  Jet  as  suppose  a  weight,  b,  to  be  suspended  from 
ft  point,  o,  between  P  and  p'. 

Instead  of  suspending  a  determinate  weight  from  the  string  carried 
over  the  pulley  m,  let  us  suppose  the  dish  of  a  balance  to  be  sus- 
pended there,  capable  of  receiving  any  heavy  matter  which  raay  be 
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placed  in  it.  Tbmga  beicg  thus  arraogecl,  let  sand  he  poured  iato 
the  disli  A,  until  it  is  found  that  the  three  weights  a,  a',  aud  a  are  in 
ec|mlibrium.  Let  us  suppose,  for  example,  tbat  the  weight  a'  ia  6oz., 
and  the  weight  K  10  oz.  If  the  weight  of  the  sand  and  of  the  scale 
wiiich  bears  it  at  a  he  ascertained,  it  will  be  found  to  be  4  oz. ;  and  it 
therefore  follows  that  the  sum  of  the  two  weights  at  a  and  a'  being  10  oz. 
is  equal  to  the  weiglit  B.     Hence  it  follows  Wiat  h  n        he  two 

parallel  forces  A  and  A.'  is  in  this  oasfe  a  force     ua        h  m. 

Ji'ow  if  the  experiment  he  varied  in  any  m  nn  h  m  eault 
will  still  be  obtained,    ^hus,  if  the  weight  a'  be  8  nd  h  weight 

n  be  20  oz.,  then  the  weight  of  tlie  sand  in  th  h  wil  ound 
to  he  12  oz. ;  the  sum  of  A  and  A',  12  +  8,  b  to  E, 

which  ia  20.  In  a  word,  in  whafeva:  manual  the  weights  a  and  r 
may  be  varied,  so  long  as  r  is  greater  than  a,  the  weight  a'  will  in- 
variably he  their  difference ;  and  we  therefore  conclude  in  general 
that  the  resultant  of  two  parallel  forces  acting  in  ike  same  direeiion 
upon  two  different  points  of  the  same  hody,  is  a  force  parallel  to  their 
direction,  and  equal  to  their  sum  acting  at  some  intermediate  point. 

Now,  it  remaius  to  determine  what  is  the  intermediate  point  be- 
tween, p  and  p'  at  which  this  resultant  will  act. 

After  having  established  an  ec[uilibrium  by  pouring  the  quantity 
of  sand  into  the  dish  A,  if  we  measure  the  distances  p  o  and  t'  0,  we 
shall  find  that  they  are  invariably  in  the  innerse  proportion  of  the 
two  weights  a  aud  A'  y  that  is  to  say,  if  the  weight  a'  be  8  oa.  and 
the  weight  a  12  oz.,  then  the  proportion  of  P  0  to  P'  0  will  be  8  to 
12,  and  this  will  be  found  to  be  invariably  the  case.  If  the  position 
of  the  stiiug  supporting  the  weight  r  be  varied,  as  it  may  be,  it  will 
always  be  found  that  the  ratio  of  the  two  weights  A  and  A',  which 
establish  an  equilibrium  in  the  system,  will  he  inversely  as  the  dis- 
tance of  the  points  P  aud  p'  from  the  point  o,  where  the  resultant  is 
applied;  while  the  distance  P  0  represents  in  quantity  the  component 
a',  the  distance  p'  o  will  represent  in  quantity  the  component  a. 

158.  Composition  of  parallel  forces  acting  in  the  same  direction 
— This  general  principle,  which  is  of  great  importance  in  mechanics, 
'may  be  enunciated  as  follows :  — 

The  resuiiant  of  two  forces  which  act  on  different  points  of  the 
same  body  in  parallel  lines,  and  in  the  same  direction,  is  a  single 
force  equal  to  their  sum  acting  parallel  to  them,  and  in  the  sams 
direction,  at  an  inlertnediate  point  which  divides  the  line  joining  the 
two  points  of  application  of  the  componoiU  in  the  inverse  proportion 
of  the  quantities  of  those  components. 

If  the  forces  a'  and  R  he  considered  as  components,  the  force  A 
may  be  considered  as  the  opposite  of  their  resultant.  It  consequently 
follows  that  the  resultant  of  a'  and  r  is  a  force  eqnal  iu  quantity  to 
their  difference,  and  applied  at  s,  actiug  iu  a  line  parallel  to  them, 
and  in  the  direction  of  the  greater  force  R. 
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159.  Composition  of  parallel  forces  acting  in  opposite  directions. 
—  Thia  general  principle  may  be  enunciated  as  follows ;  — 

The  resultant  of  iioo  forces  which  act  on  different  points  of  the 
same  body  in  parallel  lines  in  opposite  directions,  will  he  a  single 
force  equal  to  their  difference,  and  acting  at  a  point  beyond  the 
greater  of  the  two  forces,  and  so  situated  that  the  point  of  applica- 
tion of  the  greater  of  the  two  forces  will  divide  the  distance  between 
the  lesser  and  the  resultant  in  the  inverse  proportion  of  the  quantities 
of  the  lesser  and  of  the  resultant. 

Having  the  means  of  determining  tte  resultant  of  two  parallel 
forces,  we  can  determine  the  resultant  of  any  number  of  such  forces 
by  taking  them  respectively  in  pMrs,  as  we  have  done  in  the  case  of 


Thus,  let  any  two  forces  of  such  a  system  be  taken,  and  the  resultant 
found.  Then,  considering  such  resultant  as  a  component,  let  it  be  com- 
bined with  a  third  component,  and  their  resultant  found ;  and  so  on. 

160. .  Case  of  two  equal  opposite  and  parallel  forces,  called  a 
coi^le.  —  There  is  a  case  of  parallel  forces  which  does  not  admit  of 
a  single  resultant,  and  which  is  of  considerable  importance  in 
mechanical  inquiries. 

This  case  is  that  in  which  two  equal  forces  act  upon  two  points  of 
a  body  in  parallel  and  opposite  directions.  The  effect  of  such  forces 
cannot  be  represented  by  any  single  force.  In  tact,  such  a  combina- 
tion of  forces  has  no  tendency  to  produce  in  a  body  any  progressive 
motion,  but  has  a  tendency  to  oause  it  to  revolve  round  a  point  intei-- 
mediate  between  the  direction  of  the  two  forces. 

Such  a  system  of  forces  is  called  a  couple. 

161.  Mechanical  effect  of  a  couple.  —  The  mechanical  effect  of 
such  a  system  depends,  consequently,  on  the  intensity  of  the  forces,  the 
perpendicular  distance  between  their  lines  of  direction,  and  on  t]ie 
direction  of  the  plane  which  passes  through  their  lines  of  direction. 

If  T  and  P'  (Jig'  6.)  be  the  points  of  application,  and  one  of  the 
forees  act  in  the  direction  of  P  M,  while  the  other  acts  in  the  direc- 
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don  of  p'  m',  tten  their  effect  ■will  depend  on  their  intensity,  on  the 
length  of  the  perpendicular  distance  p  s'  between  their  directions,  and 
on  the  direction  of  tiie  plane  ia  which  the  lines  p  m  and  p'  m'  lie. 

Representing  auoh  forces  hy  weights,  as  before,  let  ns  suppose 
strings  attached  to  the  points  p  and  p'  carried  over  the  pulleya  m  and 
m',  and  supporting  tte  two  equal  weights,  W  w'. 

The  obvious  tendency  of  these  weights  ia  to  turn  the  line  P  P* 
round  in  the  direction  in  which  the  nands  of  a  clock  would  move. 
Now  this  tendency  cannot  be  counteracted  by  any  single  force,  bnt 
it  may  be  resisted  by  another  couple  applied  to  two  other  points  of 
the  body.  Let  us  suppose,  for  example,  that  p  p'  be  two  other 
points  of  the  same  body,  either  situate  in  the  same  plane  as  the  lines 
p  M  and  p'  m',  or  in  any  parallel  plane,  and  that  strings  be  applied 
to  them  extended  by  weights,  in  the  same  manner  as  in  the  former 
case,  the  strings  lying  in  each  parallel  plane. 

Let  p  m  and  p'  m',  carried  over  pulleys,  support  weights  w,  bnt 
let  tbem  be  so  applied  to  the  line  p  p'  that  they  ahaU  have  a  ten- 
dency to  turn  the  body  round  contrary  to  the  motion  of  the  handa 
of  a  clock,  and  therefore  contrary  to  the  effect  of  tite  former  couple. 
Now  let  the  weights  vi  be  so  adjusted  by  trial,  that  this  second  couple 
shall  exactly  balance  the  first  couple,  and  keep  the  body  at  reat, 
which  may  be  done  by  using  for  the  purpose  the  dish  of  a  balance 
and  sand,  as  in  the  former  experiment.  When  the  equilibrium  ia 
thus  established,  it  will  always  be  found  that  the  weights  w  and  to 
will  bear  to  each  other  the  inverse  proportwa  of  the  distance  hetmeen 
the  parallel  cords,  that  is  to  say,  the  weight  w  wiU  be  greater  than 
the  weight  w  in  the  exact  proportion  of  the  di^tanci,  p  p'  to  the  dis- 
tance P  p';  or,  to  express  diis  m  tbo  usual  mannei  l)y  anthmctical 


e  sbould  have 
n  whieb  it  follows  that 


PP 


162.  Equilibrium  of  couples. — This  conclusion  involves  the  entire 
mechanical  theory  of  couples,  and  may  be  enunciated  as  follows  : — 

Turn  equal  and  parallel  forces  actiTig  in  contrary  directions  on  a 
body,  have  a  tendency  to  make  that  body  rmohe  round  on  axis  per- 
pendicular to  a  plane  passing  through  the  direction  of  such  two 
parallel  and  opposite  forces ;  and  such  tendency  ia  proportional  to 
the  product  oUainedhy  multiplying  tlie  intensity  of  the  forces  hy  the 
distance  between  tlieir  directions;  and,  consequently,  all  couples  in 
mhich  such  products  are  equal  and  have  their  planes  parallel  are 
mechanically  equivalent,  provided  that  their  tendency  is  to  turn  the 
body  round  in  the  same  direction ;  hut  if  two  such  couples  have  a 
tendency  to  turn  the  body  in  contrary  directions,  then  two  such 
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couyles  Itaoe  equal  and  contrary  mechanical  effects,  and  would,  if 
simultanemisly  applied  to  the  same  body,  keep  il  in  tsquilibrium. 

163.  Candilion  under  mhich  two  forces  admit  a  single  resultant. — 
Two  forces  not  being  parallel  in  their  direetiouB  whicli  are  applied  to 
different  points  of  the  same  body,  present  two  different  cases,  in  one 
of  which  only  they  admit  of  a  resultant. 

1st.  If  the  two  forces  applied  at  P  and  p'  (Jig.  7.),  not  being 
parallel,  are  nevertheless  in 
the  same  plane,  their  dueo- 
tions  P  M  and  p'  m',  if  pro- 
longed, will  necessarily  meet 
at  some  point  suoh  as  0.  In 
this  case  we  may  imagine 
the  two  forces  to  be  applied 
at  o,  and  their  restdtant  will 
be  represented  in  quantity 
and  direction  by  the  diagonal 
o  0  of  a  parallelogram  whose 
sides  represent,  in  quantity 
to  the  principle  already  es- 


Fig.  7. 


and  direction,  the  two  forces,  s 

plained. 

2d.  But  if  the  forces  applied  at  the  pointe  s  and  p'  (^.  8.), 
not  being  parallel,  are -at  the 
^  same  time  in  different  planes, 

then  the  directions,  though  in- 
definilely  prolonged,  will  never 
intersect,  and  they  will  not  have 
any  single  resnltant;  in  other 
words,  their  mechanical  effect 
cannot  be  represented  by  that  of 
any  single  force. 

164.  Mechanical  effect  of 
two  forces  in  different  planes. — 
It  can  be  demonstrated,  how- 
'  ever,  that  the  mechanical  effect 
of  such  a  system  of  two  forces 
as  here  described,  who&e  dh'eo- 
tiiins  lie  in  different  planes,  and 
which,  though  not  parallel,  can 
never  intersect,  will  be  mechani- 
cally equal  to  the  combined  ac- 
tion of  a  couple  such  aa  already 
described,  and  a  single  force  ; 
in  other  words,  such  a  system 
will  have  a  double  effect  on  the 
body  to. which  it  is  applied ;  Ist. 
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a.  tendency^  to  produce  revolution ;  and,  2d]y,  a  tenderug'  to  produce 
a  progressive  motion ;  and  if  it  were  not  held  In  eqiiilibrio  by  some 
equal  antagonist  forces,  the  Ixidy  would  at  tbe  same  time  move  for- 
ward in  some  determinate  direction,  and  revolve  round  some  deter- 
minate asis. 

To  render  tliia  intelligible,  let  ua  imagine  tlie  forcea  to  te  repre- 
sented by  weights  acting  on  stringn,  and  passing  over  pulleys. 

In_^,  8.,  let  p  and  p'  be  the  two  points  of  application  of  the  two 
forces ;  let  the  force  noting  at  p  bo  vei'tical,  and  he  represented  by 
the  weight  w,  Busponded  by  a  string  at  tlie  point  p. 

Let  the  other  force  applied  at  p'  be  horizontal,  and  in  a  direction 
!■'  m'  perpendicular  to  P'  P,  and  let  it  be  represented  by  the  weight 
w'  suspended  by  a  cord  which  passes  over  the  pulley  m'.  Attached 
to  the  point  p',  let  another  string  be  carried  verticaOy  upwards  to  m, 
and  thea  passed  over  a  pulley,  and  let  a  weight  be  suspended  to  it 
equal  to  the  weight  w.  Now  take  upon  the  line  p'  M'  a  distance  p' 
c,  consisting  of  as  many  inches  as  there  are  ounces  in  the  weight  w', 
or,  which  is  the  same,  in  the  force  which  stretches  the  eord  p'  0. 
Tfike  also  upon  the  vertioal  line  p'  m  as  many  inches  p'  e  as  there 
are  ounces  in  the  weight  w,  and  draw  the  line  b  o.  From  c  draw 
0  A  parallel  to  p'  b,  and  from  the  point  p'  draw  p'  A,  parallel  to  e  C. 
OaiTy  a  string  from  p'  along  the  line  p'  A,  and  let  it  pass  over  a  pul- 
ley m",  and  suspend  from  it  the  weight  w",  consisting  of  as  many 
ounces  as  there  are  inches  in  the  line  p'  A. 

Now,  according  to  this  statement,  the  weight  w  will  con^t  of  as 
many  ounces  as  there  are  inches  in  p'  B,  and  the  weight  w"  will  con- 
sist of  as  many  ounces  as  there  are  inches  in  the  line  p'  a.  It  fol- 
lows, therefore,  from  the  prmoiple  of  the  composition  of  forces  already 
established,  that  the  combined  effects  of  these  two  forces  W  and  w" 
acting  in  the  lines  p'  b  and  p'  A  upon  the  point  p',  will  be  the  same 
as  the  single  action  of  the  weight  V/'  acting  in  the  direction  p'  0  upon 
the  same  point  p',  and  that  they  may  be  eonsequentiy  substituted  for 
the  latter  without  changing  the  effects  upon  the  body.  Let  us  then 
detach  the  weight  w'  and  relieve  the  point  p'  from  its  action,  leaving 
the  weights  w  and  w"  acting  in  its  place.  The  point  p'  and  the 
body  to  which  it  belongs  will  then  be  affected  in  tbo  same  manner  by 
the  three  weights  w,  w,  and  w'',  as  it  was  by  the  two  original  weights 
IV  and  w'.  It  follows,  therefore,  that  tho  effect  of  the  two  original 
weights  w  and  w'  is  meohanioaliy  equivalent  to  the  effect  of  the 
weight  w''  and  the  two  equal  weights  W. 

This  is  equivalent  to  stating  that  the  two  forces  acting  at  the  points 
p  and  p',  in  the  directions  p  w  and  p'  c,  are  equivalent  in  their  effect 
to  three  forces,  viz.  a  single  force,  represented  in  intensity  by  the 
line  p'  A,  and  acting  along  that  line,  and  a  couple  acting  in  a  verti- 
cal plane  passing  through  the  line  p  p' ;  the  distance  between  th« 
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two  forces  teing  equal  to   p  p'  and  tiieir  iutensities  being  equal 
to  "W.  .     ,    J, 

The  total  effect,  tKetefore,  would  lie  equivalent  to  a  amgle  force 
acting  in  the  direotion  p'  A,  and  a  coujple  produoing  rotation  round 
an  axis  perpendicular  to  a  vertical  plane  throiigli  P  e'- 


COMPOSITION   A^rD   RESOLUTION    OF   MOTIOff. 

165.  Direction  and  velocity  of  motion.  —  Motion  liaa  two  quali- 
ties, direction  and  velocity.  If  we  would  define,  in  a  precise  and 
inteEJgible  manner,  the  state  of  a  body  whiob  is  in  motion,  we  must 
therefore  state  flrat  the  direction  in  which  it  moves,  and  next,  the  rate 
at  which  it  moves,  or  the  speed  which  it  Las  in  such  direction, 

If  the  motion  of  a  body  be  rectilinear,  that  is  to  say,  if  it  move 
continually  in  the  same  atrmght  line,  then  such  straight  line  is  its 
direction.  But  it  is  evident  that  a  body  may  move  in  two  opposite 
directions  in  the  same  straight  line  :  thus,  if  the  line  of  the  motion 
be  east  and  west,  the  body  may  move  either  from  east  to  west,  or 
from  west  to  east,  -without  departing  from  the  line  in  question. 

A  term  is  wanting  in  our  language  for  the  convenient  expression 
of  this  condition  attending  the  molion  of  a  body.  .  In  French,  the 
word  direction  expresses  the  line  in  which  _  the  body  moves,  and  the 
word  sens  expresses  the  direction  of  its  motion  in  such  line. 

166.  Direeliou  of  motion  in  a  curve.  —  If  a  body  move  in  a 
curved  path,  such  as  A  b  {Jig. 
„  9.),  the  direction  of  its  motion 
is  contiDually  changed;  but  at 
any  point  of  the  curve,  such 
as  P,  it  is  considered  ti)  have 
the  direction  of  a  tangent  P  T 
at  that  point. 

167.  Velocity  or  speed.  —  The  velocity  of  a  moving  body  ia  ex- 
pressed by  stating  the  relation  between  any  space  through  which  the 
iwdy  moves,  and  the  time  in  which  sach  motion  is  performed.  Thus, 
we  say  that  the  speed  with  which  a  man  walks  is  four  miles  an  hour, 
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tiie  speed  with  which  a  atage-coaoh  traYsla  is  tea  miles  an  h  nl 

the  speed  of  ti  railway  tcain  is  thirty  miles  an  hour. 

It  is  evident  that  the  same  speed  may  be  differently  sp  d 
according  to  the  different  units  of  time  or  distance  wt  h  may 
be  adopted.  We  may  express  the  velocity  hy  statin  th  s]  e 
moved  over  in  a  given  time,  or  the  time  taken  to  move  over  a  given 
space. 

The  given  time  may  be  an  honr,  a  minuto,  or  a  second,  and  the 
given  apace  a  mile,  a  foot,  or  an  inch.  If  we  say  that  a  railway 
train  moves  at  thirty  miles  an  hour,  or  that  it  moves  at  eight  hun- 
dred and  eighty  yards  a  minute,  or  forty-four  feet  a  second,  we 
express  exactly  the  same  speed,  the  only  difference  being  that  different 
units  of  time  and  distance  are  adopted. 

The  selection  of  the  units  of  time  and  distance  for  the  expression 
of  velodty  is  of  course  arhitcary. 

It  is  usual,  however,  to  adopt  snoh  units  that  the  velocity  may  ha 
expressed  by  a  number  which  is  neither  inoonvenieutly  great  nor 
inconveniently  small.  If  the  motion  of  the  body  be  extremely  rapid, 
we  express  its  velocity  by  adopting  a  large  unit  of  space  or  a  small 
unit  of  time ;  and  if,  on  the  other  hand,  the  motion  be  very  slow, 
we  express  the  velocity  by  a  small  unit  of  space  or  a  large  unit  of 

As  spaces  or  times  which  are  extremely  great  or  extremely  small 
are  more  difficult  to  conceive  than  those  which  are  of  the  order  of 
magnitude  that  most  commonly  falls  under  the  observation  of  the 
senses,  we  shall  convey  a  more  clear  idea  of  velocity,  by  selecting  for 
its  expression  spaces  and  times  of  moderate  rather  than  those  of  ex- 
treme length.  The  truth  of  this  observation  will  be  proved,  if  we 
consider  how  much  more  clear  a  notion  we  have  of  the  velocity  of  a 
railway  trsun,  when  we  are  told  that  it  moves  over  fifteen  yards  per 
second,  or  between  two  beats  of  a  common  clock,  than  when  we  are 
told  that  it  moves  over  thirty  miles  an  hour.  We  have  a  vivid  and 
distinct  idea  of  the  length  of  fifteen  yards,  but  a  comparatively  obscure 
one  of  the  length  of  thirty  miles;  and,  in  like  manner,  we  have  a 
muck  more  clear  and  definite  idea  of  the  duration  of  a  second  than 
we  have  of  the  duration  of  an  hour, 

168.    Table  shomng  the  velocity  of  certain  moving  bodies.  —  In 
■  the  followiag  table  are  collected  examples  of  the  velocities  of  various 
objects,  which  may  be  found  useful  for  reference,  and  which  will 
serve  as  standards  in  the  memoiy  for  various  classes  of  motion. 
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Table  siwwinq  the  Velocitieh  or  oertain  moving  Bodies. 


Objmta  inuving. 

Mi,j.j,e. 

FcEt  pet 

Man  'walking 

3 

*4J 

Horse  trotting 

7 

'10  i 

Swiftest  raee-horee 

60 

h8 

E4iawfly  train  fEaelisii) 

■M 

"47 

"            (American) 

IS 

(Belgian) 

.5 

8h? 

French) 

27 

(Serman) 

24 

35i 
"201 

14 

Swift  ateamers  oq  Hudeon 

18 

2b 

Fast  soiling  vessels 

10 

14 

LurrentofEloivnvers 

8 

*4 

'     rapiJ  nreis 

7 

*10 
*10 

Model  ate -wind 

7 

A  Btoim 

86 

52 
117 

ao 

Air  mtliing  into  vaouum  at  82°  F  ,  and  bar  SO  m 

884 

12t6 

850 

124b 

Eifle  ball 

lono 

A  lb  cannon  ball 

1600 

2o4b 

Bullet  diaoharged  fiom  air  gun,  air  being  compressed 

into  hundiedth  part  of  its  volume 

4b6 

6&H 

743 

loqo 

Do.  at  GCFahr,, 

79a 

1118 

Esrth  mo'nng  round  sun 

67,374 

18,B15 

A.  point  on  earth's  suriiMe  at  ec[nator  by  dinmal  mo 

1037 

I520H 

169.  Uniform  velority  — Tto  ■sjn.ed  of  a  boJy  m  mutioa  niij  be 
umform  ov  varied 

Tke  speed  ia  umform  wlipn  jll  e^u  il  epaco,  gieat  oi  small,  are 
moved  over  in  ei^ual  times 

It  is  possible  to  conceive  i  body  m  motion,  moving  ovtr  a  mile 
per  minute  regularly,  and  yet  tlie  "speed  nut  to  be  unifoim,  for  thouf^h 
each  successive  mile  may  be  peribrmed  in  a,  mmute,  tbe  subdivisions 
of  Buob  mile  may  be  performed  in  unequal  times :  lius,  the  first  half 
of  each  successive  mile  might  occupy  forty  seconds,  and  the  other 
half  twenty  seconds.  To  constitute  a  uniform  motion,  therefore,  it  ia 
necessary  that  all  equal  portions  of  space,  no  matter  how  small  they 
are,  shall  be  passed  over  in  equal  times. 

170.  Principles  of  composition  and  resolution  of  force,  eqtially 
applicable  to  composition  and  resolution  of  motion. — As  forces  whicb 
produce  pressura  would,  if  the  bodies  on  whioh  tlioy  act  were  fi-ee  to 


*  Nearly. 
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If  a  Body  A  (/-.  10.)  r 


move,  produce  motion  ia  the  direction  of  such  preaswve,  whose  velo- 
city would  be  proportional  to  the  pressure,  ail  the  principles  which 
have  been  established  in  the  last  chapter  respecting  the  coraponenfa 
and  resultant  of  forces  will  be  equally  applioable  to  motion.  Hence, 
without  further  demonstnitioo,  we  may  consider  as  established  the 
following  principles,  called  the  composition  and  resolution  of  motion. 
'  "  '"^  eceive  at  the  same  time  two  impulses, 
in  virtue  of  one  of  which  it  would 
move  in  the  direction  A  t,  over  the 
space  A  B,  in  one  second ;  and  in  vir- 
tue of  tto  other,  it  would  move  in  the 
direction  a  x,  over  space  A  0,  in  one 
second;  tlicn  the  two  impulses,  acting 
upon  it  simultaneously,  will  cause  it 
to  move  over  the  diagonal  A  D  of  the 
parallelogram,  whose  sides  are  A  B 
and  A  c,  in  one  second. 
Conversely,  also,  a  single  motion  A  D  may  be  considered  as  equal 
to  the  combination  of  two  motions,  a  b  and  a  o,  along  the  sides  of 
any  parallelogram  of  which  a  d  is  a  diagonal. 

Now,  aa  an  infinite  variety 
of  parallelograms  may  have  the 
diagonal,  it  follows  that 
any  single  force  may  bo  con- 
sidei-ed  as   equal   to    an.  infi- 
nite variety  of  combined  forces 
or  motions.      In  ^g.  11.,  the 
line  a  D  is  the  diagonal  of 
the    parallelograms    A  B  D  0, 
A  b'  D  c',  Ab"  D  o",  &c. 
171.  Resultant  of  two  motions  in  s/wte  direction. — The  efiect  of  a 
force  which  acts  upon  a  body  in  motion,  must  be  either  to  change  its 
velocity,  or  to  change  its  direclion,  or  to  produce  both  these  effeota 
together. 

If  a  body  being  in  uniform  motion  in  a  certain  straight  line^^  such 
as  A  B  (fig.  12.),  receive  at  P  the  impulse  of  a  force  in  the  direction 
in  which  it  ii 


ing,  the  e 


f  such  impulse  will  be  to  augment 


Fig.  13. 

its  velocity,  and  such  inerease  of  velocity  will  lie  exactly  equal  to 
the  velocity  which  the  same  force  would  impart  to  the  body,  if  the 
body  had  been  at  rest. 

Thus,  if  the  body  had  been  moving  towaids  B  at  the  r^  of  teu 
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feot  per  second)  and  that  it  received  an  impulBe  at  p,  in  the  direction 
of  B,  ■which  would  ha^e  iiDparted  to  it,  beiag  at  rest,  a,  velocity  of  five 
feet  per  second,  then  the  velocity  of  the  body  after  the  impact  will 
be  fifteen  feet  per  eecond. 

This  ia  evident,  because  the  previous  motion  which  the  body  is 
supposed  to  have  had  in  the  direction  of  E  cannot  in  any  way  impair 
the  effect  of  a  force  tending  to  make  it  move  in  the  same  direction. 

172.  Resultant  of  two  motions  in  oppodle  directions. — But  if  the 
impulse  which  it  has  received  at  p  had  been  given  in  tie  direction 
r  A,  contrary  to  that  of  its  motion,  then  such  impulse  would  deprive 
the  body  of  jist  so  much  velocity  in  the  direction  P  B  as  it  would 
have  imparted  to  it  in  the  direction  p  a,  had  it  been  at  rest.  In  this 
case,  therefore,  the  velocity  after  tho  impact  will  be  diminished  from 
ten  feet  per  second  to  five  feet  per  second. 

These  consequences  are  obviously  analogons  to  the  corresponding 
conclusions,  wHch  were  explained  in  the  last  chapter,  respecting  the 
combined  effects  of  forc^  acting  upon  a  body  ia  the  same  or  any 
parallel  directions. 

173.  Resultant  of  two  motions  in  (liferent  directions. — If  a  body, 

being    in  motion  from  A  to   B 

V  ifig-  13.),   receive  at  the  point 

p  an  impact  which,  bad  it  been 

at  rest,  would  have  cansed  it  to 

move  in  tlxe  direction  p  c,  then 

— 5   the  body,  commeDoing  from  tho 

point  p  will  have  a  motion  com- 

^^'  pounded  of  the  motion  which  it 

had  before  receiving  the  impact  at  P,  and  the  motion  which  that  impact 

would  have  given  to  it  had  it  been  at  rest.     The  motion,  therefore, 

which  it  would  have  on  leaving  pin  this  case,  will  be  determined  by  the 

parallelogram  of  forces,  according  to  the  principles  already  established. 

Thus,  if  we  suppose  that,  by  virtue  of  the  motion  which  the  body 

had  along  the  line  A  B,  it  would  have  moved  from  p  to  d  in  a  second, 

and  that  the  motion  which  it  would,  being  at  rest  at  p,  have  received 

from  the  impact  would  have  carried  it  from  p  to  e  in  one  second, 

then  the  motion  which  the  body  will  actually  have  in  leaving  p  after 

recoiving  the  impact,  will  be  along  the  diagonal  p  r  of  tho  parallelo- 

Q  whose  sides  are  P  d  and  p  b. 

If  a,  body  moving  with  a 
certain  determinate  velocity  in 
the  direction  A  e  (^g.  14.) 
encounter  at  P  a  fixed  object 
that  has  a  flat  surface  c  n,  its 
motion  will  not  be  destroyed, 
but  will  be  modified  by  the 
resistance  of  this  surface. 
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The  effect  of  tlie  surface,  sappoaing  it,  aa  well  aa  tlie  body,  tobe 
perfectly  b.ird  auii  inelastio,  will  be  to  destroy  so  much  of  tlie  moUou 
of  the  body  as  is  in  a  clirectioa  perpendioxdar  to  it. 

To  determine  this,  let  ua  draw  tbe  line  P  M  perpendicular  to  tlia 
surface  0  D,  and  taking  p  o  as  the  apace  which  the  moving  body 
moves  over  in  a  second,  from  o  draw  O  K  parallel  to  P  c,  aud  o  E  pa- 
rallel to  P  N,  so  that  P  N  o  R  shall  be  a  parallelogram,  of  which  P  o 
is  the  diagonal.  The  force,  therefore,  with  which  the  body  will  strike 
Uie  surface  at  p  will  be  equal  to  the  two  forces,  one  iu  the  direction 
of  R  p,  and  the  other  in  the  direction  of  N  p,  the  aides  of  this  paral- 
lelogram, inasmuch  as  these  two  forces  are,  by  what  has  been  already 
csplained,  equal  to  the  single  force  represented  by  the  diagonal  0  P. 
But  the  reaction  of  the  surface  OD  will  destroy  the  perpendicnlat 
force  N  P,  and  therefore  the  force  s,  p  alone  will  remMn  in  the  direc- 
tion R  p  D.  Tbe  body,  therefore,  after  it  strikes  the  surface,  mil 
move  from  p  toward  D  with  a  velocity,  in  virtue  of  which  it  will 
describe  spaces  equal  to  It  p  ia  one  second. 

174.  Examples  of  composition  and  resolution  of  motion. — The 
following  esamplos  will  illustrate  the  principle  of  the  composition  and 
resolution  of  forces  which  have  been  esplaincd  in  the  present  and  the 
last  chapter. 

175.  Example.  —  Swimming  across  a  stream.  — If  a  swimmer 
direct  his  course  across  a  river  in  which  there  is  a  current,  his  body 
will  be  at  the  same  time  subject  to  two  motions :  first,  that  which  he 
receives  from  his  aoldon  in  swimming,  which,  if  there  were  no  current, 
would  carry  him  directly  across  the  river  in  a  direction  perpendicular 
to  its  course  in  a  certain  time,  as,  for  example,  fifteen  minutes ;  and 
the  other  in  virtue  of  the  current,  by  which,  if  he  wei-e  to  float  on  the 
water  without  swimming,  he  would  be  carried  down  the  stream  with 
a  velocity  equal  to  that  of  the  stream,  at  a  rate,  for  example,  of  five 
thousand  feet  in  fifteen  minutes. 

Now,  in  actually  passing  over  the  river,  the  swimmer  is  aiTectcd 
at  the  same  time  by  both  these  motions,  and  consequently  bis  body 
will  be  carried  in  fifteen  minutes  along  tlie  diagoaal  of  the  paiallolo- 
gram,  of  which  these  motions  are  sides. 


If  s  s'  and  T  t'  (fg.  16.)  be  the  banks  of  the  ri 
of  the  stream  being  expressed  by  tho  arrow,  and  i 


f,  the  direction 
3  the  point  of 
79 


80  UF  FORCE  AND  MOTION, 

departure  of  the  swimmer,  let  p  n  be  the  distance  down  whioli  the 
stream  would  oarrj  the  swimmer  in  the  time  which  he  would  bike, 
if  there  were  no  carrent,  to  cross  the  river  from  p  to  the  opposite 
point  M  of  the  other  hank.  Then,  aa  he  crosises,  he  will  he  impelled 
by  the  two  motions.  By  swimming,  he  will  continually  approach 
the  bank  t  t'  at  which  he  will  urrive  as  soon  as  he  would  do  if  there 
were  m  nt   he    us    th     ur   at  which  crosses  him  laterally  will 

not  inte  f  w  th  h  u  n  wimming,  which  is  perpendicular  to 
it,  Th  t  t  ti  t  th  t  he  would  arrive  at  the  middle  point 
Q  of  th  tream  f  th  w  n  current,  he  will  still  have  ariived 
at  the  m  Idl  po  at  <j  f  th  st  earn ;  but  in  virtue  of  the  current, 
that  po  t  w  It  i  n  t  pp  te  the  point  from  which  he  started  but 
lower  d  wn  a  th  t  m  t  q  and,  in  fine,  he  will  arrive  at  the 
opposit  b  nk  t  th  ]  at  M  ]ust  so  far  below  the  pDmt  m  as  is 
equal  t  th  p  oe  th  ugh  wh  h  the  current  moves  in  the  time 
which  tl  w  mm  tak  to  oia  the  river.  The  actual  c'^uise  fol 
lowed  b  J  the  swimmer,  therefore,  by  the  combined  effects  of  his  action  in 
swimming  and  of  the  effect  of  the  stream,  will  be  tlie  diagonal  p  m'  of 
the  parallelogram,  one  side  of  which,  P  N,  represents  the  space  through 
which  the  current  moves  in  the  time  the  swimmer  toies  to  cross  the 
river,  and  the  other,,  p  M,  the  space  through  which  the  swimmer 
would  move  in  the  same  time  if  there  were  no  current. 

By  a  due  attention  tfl  the  principles  of  composition  of  motion,  the 
r  may  be  enabled,  notwithstanding  tho  current,  to  cross  the 
a  directioa  perpendicular  to  its  banks. 
_         , ,  ^  As  before,  let  p  (^g.  16.)  be  the 

point  of  the  bank  ft-om  which  he 

\  starts,  the  current  of  the  river  be- 

\  ing  in  the  direction  of  the  arrow. 

S  v         N       S'       ^^^  P  N  be  the  distance  through 

Fig.  16.  which  the  current  would  run  in  the 

time  which  the  swimmer  would  fake 
to  croM  tho  river.  From  n  draw  the  line  n  M  to  the  point  of  the 
bank  directly  opposite  to  p,  and  from  p  draw  the  line  i'  o  parallel  to 
H  K.  Now,  by  the  principles  of  the  composition  of  motion  which 
have  been  already  esplained,  a  force  in  the  direction  of  p  m  will  be 
eqnal  to  two  forces  simultaneously  acting,  one  in  the  direction  of  P 
N,  and  the  other  in  the  direction  of  p  o;  consequently,  if  the  swim- 
mer, leaving  the  point  p,  direct  his  course  fn  lie  point  o,  and  use 
such  action  in  swimming  as  would  enable  him  to  pass  in  still  water 
from  p  to  0  in  the  same  time  which  the  current  require  to  rua  from 
p  to  N,  then  his  actual  motion,  in  consequence  of  the  combined  effect 
of  his  action  in  swioimiDg  and  the  force  of  the  current,  will  be  in 
the  direction  P  M,  directly  across  the  stream ;  as  this  direction  wUl  be 
the  diagonal  of  the  parallelogram,  whose  sides  represent  the  two 
forces  to  which  his  body  is  exposed. 
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But,  under  these  circumatanoes,  althougli  lie  will  pass  directly 
across  the  stream  from  V  to  m,  instead  of  being  can-ied  diagonally 
down  it,  as  in  the  last  esample,  along  the  line  P  m'  (fig-  15-)i  ^^ 
will  take  a  longer  time  and  greater  exertion  to  cross  tJie  river.  la 
the  foi-mer  example,  as  his  motion  waa  perpendicular  to  the  stream, 
the  force  of  the  ourrent  did  not  in  any  ■wise  retard  hia  course  in 
swimming,  hut-Tnerely  changed  the  point  of  the  opposite  bank  at 
which  he  arrived;  and  although  he  passed  over  a  greater  space  in 
the  water,  yet  tiie  increased  distance  over  which  he  moved  was  due, 
not  to  hia  own  exertioa,  but  to  the  current.  In  the  latter  instance, 
however,  a  part  of  hia  exertion  was  espaaded  in  stemmiiig  the  cur- 
rent, so  as  to  prevent  his  deacending  the  stream,  and  another  part  in 
croaaing  the  river. 

175,  Example  II. — Effect  of  wind  emd  tide  on  a  ship. — A  ves- 
sel impelled  at  the  same  time  oy  wind  and  tide  in  different  direc- 
tions presents  another  esample  of  the  composition  of  motion.  If 
we  suppose  the  wind  to  impel  the  veaael  in  the  direction  of  the  keel 
from  the  stem  to  the  stern,  and  at  the  same  time  the  tide  to  act  at 
right  angles  to  the  keel,  giving  the  vessel  a  lateral  motion,  the  real 
course  of  the  vessel  will  be  intermediate  between  the  directioa  of  the 
keel  and  the  direction  of  the  tide  at  right  angles  to  the  keel.  The 
exact  dii'eotion  of  this  course  may  he  determined  by  the  compositioa 
of  motion,  provided  the  force  of  the  tide  and  the  effeot  of  the  wiad 
bo  known. 

Let  Tia  suppose,  for  esample,  that  the  force  of  the  tide  is  four 
miles  aa  hour,  and  that  the  effect  of  the  wind  is  such  that  if  there 
wore  ao  tide  the  vessel  would  be  carried  in  the  direction,  of  its  keel 
at  the  rate  of  seven  miles  an  hour.  The  actual  course  of  the  vessel 
will  then  be  the  diagonal  of  a  parallelogram,  one  ^de  of  which  is  in 
the  direction  of  the  vessel  measuring  seven  miles,  and  the  other  at 
right  angles  to  the  keel,  and  in  the  direction  of  tie  tide  me^uring 
four  miles. 

177.  Example  III. — Rowing  a  boat. — 
The  action  of  the  oars  in  impelling  a  boat  is 
an  example  of  the  composition  of  forces 
Let  A  (fig  17)  be  the  head  tnd  b  the 
=(tern  ot  the  b  at  The  boatman  presents 
h  s  ta  e  towa  li  B  nl  [laoes  the  oir  o 
that  the  blades  press  8j,a  nst  the  water  n 
the  d  ec  ns  c  e  n  p  The  res  stance  of 
the  witer  produces  f  r  es  on  the  1  s  ot  the 
boat  la  the  hrec  ona  G  l  anl  h  L  wh  ch  by 
the  compo  on  f  turce  e  ejuvalent  to 
the  d  ag  nal  force  K  L  n  tl  e  d  r  ction  of 
}  e  keel 
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178.  Example  IV.  —  Motion  of  fishes,  birds,  ^c. —  Similar 
olisevYations  will  apply  to  almost  every  £ody  impelled  by  instramenta 
projecting  fi'om  its  sides,  and  actiog  against  a  fluid.  The  motion  of 
fishes,  the  act  of  swimming,  the  flight  of  birds,  are  all  instancea  of 
the  same  kind. 

179.  Example  V.  —  Efect  of  mtid  on  sailing  vessels. — Nu- 
meroTis  other  esamples  may  be  derived  from  navigation,  illustrative 
of  the  composition  and  resolution  of  forces  and  motion.  The  action 
of  the  wind  on  the  sails  of  a  vessel,  and  the  effects  produced  by  the 
reaciion  of  the  water,  is  one  of  these. 

Let  A  B  (fig-  18.)  represent  the  position  of  the  ssul,  and  let  the 
wind  be  supposed  to  blow  in  the  direction  0  d 
oblique  to  the  sail,  its  force  being  represented 
by  fie  line  0  d.  Let  o  r  be  considered  as  the 
diagonal  of  a  parallelogram  whose  sides  are  e  d 
and  F  D,  the  former  perpendicular  to  the  sail,  and 
the  latter  in  the  direction  of  its  surface.  We 
may  then  conader  the  actual  wind  to  be  repre- 
sented by  two  different  winds,  one  of  which  will 
blow  perpendicular  to  the  surface  of  the  sail,  and 
the'  other  will  strike  the  stui  edgewise,  and  will 
Fig.  18.  therefore  produce  no  effect. 

The  effective  part,  therefore,  of  the  wind  c  d 
will  be  represented  by  e  d. 

Now,  this  force  e  d,  thus  acting  perpendicnkrly  to  the  sail,  will  still 
act  obliquely  to  the  keel. 

Let  the  force  therefore  of  the  wind  upon  the  sail  be  represented  by 
D  B,  the  diagonal  of  a  parallelograra,  one  side  of  which  d  h  is  in  the 
direction  of  the  keel,  and  the  other  d  I  perpendicular  to  it.  The 
component  of  the  wind  therefore  expressed  by  D  E  may  be  imamned 
to  be  replaced  by  two  distinct  winds,  one  d  h  in  the-dn'ection  of  the 
keel,  and  the  other  D  r  at  right  angles  to  tbe  keel. 

The  original  foroe  of  the  wind  o  D  will  t\ms  be  expressed  by  three 
distinct  winds,  one  D  F  striking  the  sail  edgewise,  and  therefore  inef- 
ficient; another  D  l  acting  at  right  angles  to  the  vessel,  and  therefore 
producing  lee  way ;  and  tiie  third  D  H  acting  in  the  direction  of  tho 
keel  from  stern  to  stem,  and  therefore  propelling  the  vessel. 

Tn  this  case,  it  appears  that  a  wind  blowing  at  right  angles  to  the 
course  of  the  vessel,  and  havmg  therefore  in  itself  no  tendency  to 
propel  the  vessel,  is  nevertheless  by  the  rcolufion  offerees  rendered 
efficient  for  propulsion. 

It  b  easy  to  show  that  this  pimciple  may  be  pushed  further,  and 
that  a  wind  which  may  blow  in  a  dnection  nearly  oppoifite  to  the 
course  of  the  vessel,  may,  by  the  proper  application  of  the  same  prin- 
ciple of  the  resolution  of  foioe,  be  made  to  propel  a  vessel.     In  jJ^.  19. 
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B  wind  ia  lepresentcd  as  blowing  in  the  direo- 

^n  0  D,  forming  an  acute  angle  with  the  course 

of  the  Y^sel,  and  therefore  to  a  proportional  extent 
opposed  to  it.  Let  as  suppose  that  the  ri^ng  ad- 
mits of  placing  the  sail  so  as  to  form  a  still  more 
acute  angle  with  the  course  of  the  vessel  than  does 
the  wind. 

The  sail  will  thus  lie  between  the  line  c  D,  repro- 
-"    a  senting  the  direction  of  the  wind,  and  the  line  D  V, 

Fig,  19.  representing  the  direction  of  the  keel.  As  before, 
0  D,  by  two  successive  resolutions  of  forces,  is  shown 
to  be  equal  to  three  different  winds  :  1st,  a  wind  represented  by  F  D, 
blowing  edgewise  on  the  sail,  and  therefore  inefficient;  2dly,  a  wind 
D  I  blowing  at  right  angles  to  the  course  of  the  vessel,  and  therefore 
producing  lee  way ;  and  3dly,  a  wind  d  H  in  the  direction  of  the 
keel,  from  slem  to  stem,  and  therefore  efficient  for  propulsion. 

It  is  evident,  however,  that  the  more  oblique  the  wind  may  be  to 
the  course  of  the  vessel,  the  smaller  wil!  be  the  component  of  its  foroe 
represented  in  the  diagram  by  d  h,  which  is  efficient  for  propulsion; 
and  the  greater  will  be  the  component  e  D,  acting  edgewise  on  the 
sail,  and  therefore  iaefficient.  This  will  be  apparent  from  the  more 
inspection  of  the  two  diagrams. 

The  limit  of  the  practical  application  of  this  principle  in  sailing  ia 
determined  by  the  play  ^ven  by  the  rigging  to  the  sails.  There  is 
in  each  species  of  rigging  a  practical  Umit  beyond  which  it  is  impos- 
sible to  place  the  sails  obliquely  to  the  keel.  A  wind  which  blows 
upon  the  quarter  near  this  limit  cannot  be  rendered  useful.  It  will 
be  apparent,  therefore,  that  different  kinds  of  rigging  supply  different 
limits  to  the  application  of  this  principle,  and  we  accordingly  find  that 
one  form  of  veaael  is  capable  of  sailing  nearer  to  the  wind  than  an- 
other. 

180.  Example  VI.  —  Tacking  an  application  of  the  composition 
of  motion. — But  even  though  the  wind  should  blow  in  a  direction 
immediately  opposed  to  the  course  of  the  vessel,  we  are  enabled,  by 
another  application  of  the  'principle  of  the  resolution  of  force,  to  press 
such  an  adverse  wind  into  the  service,  and  to  render  it  aviwlable  in 
carrying  the  vessel  directly  against  its  own  force. 

This  object  is  attained  by  the  expedient  called  tacking,  which  is 
nothing  but  a  practical  application  of  the  resolution  of  force.  Sup- 
posing the  course  which  the  vessel  has  to  pursue  to  be  due  west,  while 
the  wind  is  blowing  due  east,  then  the  course  of  the  vessel  due  west 
is  to  be  regarded  as  the  dii^nai  of  a  parallelogram  whose  sides  ara 
directed  alternately  to  some  points  north  and  south  of  west. 

Let  A  w  (fg.  20.)  be  the  course  of  the  vessel  departing  from  A; 
it  sails  from  A  to  d,  some  points  north  of  west ;  from  D  it  sails  to 
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^^„  ^        d',  some  points  south  of  west; 

from  d'  it  sails  to  d",  parallel 
to  A  D ;  aod  from  d"  to  a'", 
parallel  to  D  d';   and  so  on. 
Fig.  30.  ThuSj  at  first,  instead  of  sailing 

direct  from  A  to  w,  it  reaches 
e'  liy  sailing  over  two  sides  A  D  and  d  b'  of  a  parallelogram  whose 
diagonal  is  A  b'.  Again,  instead  of  sailing  directly  from  b'  to  b"  it 
sails  from  b'  to  n',  and  from  D'  to  B",  over  two  sides  of  a  parallelo- 
gram whose  diagonal  is  b'  b"  ;  and  so  on.  The  vessel  is  thus  con- 
ducted over  the  sides  of  a  series  of  parallelogcams,  the  auccesaiou  of 
whose  diagonals  forms  its  right  course. 

181.  Example  VII.  —  Ball  dropped  from  the  topmast  of  a  ves- 
sel. —  If  a  ball  of  lead  be  fatea  to  the  topmast  of  a  vessel  which  is 
advancing  under  sail  or  steam,  and  be  let  drop  downwards,  it  might 
at  first  he  supposed  that  this  ball  would  fall  at  a  point  vertieallj  un- 
der that  from  which  it  was  discharged,  in  which  case  it  would  neces- 
sarily strike  the  deck  just  so  iar  behind  the  mast  as  would  be  equal 
to  the  space  through  which  the  vessel  had  advanced  in  its  couiie  dnr- 
ingthe  time  of  the  fall. 

But  we  find,  on  the  contrary,  that  the  ball  strikes  the  deck  at  the 
foot  of  the  mast  precisely  in  the  pUce  where  it  would  have  struck  it 
had  the  vessel  been  at  rest. 

This  fact  is  explained  by  the  effect  of  the  composition  of  molion. 

Let  A  B  (^g.  21.)  be  the  course  of  the  ship.     Let  b  r  be  the 

position  of  its  mast  at  the  moment  the  ball 

T  T  is  discharged;  and  let  b'  t'  be  the  position 

of  the  mast  at  the  moment  the  ball  falls  on 

the  deck,  the  ship  having  advanced  through 

the  space  B  B'  during  the  interval  of  the 

fall.     The  ball  by  being  discharged  from 

the  top  of  the  mast  has  in  common  with  the 

ship  its  progressive  motion;  and  if  it  had 

Fig.  21.  not  been  discharged,  it  would  have  moved 

through  the  space  t  t',  precisely  equal  to 

B  b',  in  the  time  of  the  fall. 

This  progressive  motion  during  the  fall  is  combined  with  the  ver- 
tical motion,  and  if  the  vertical  descent  were  made  with  a  uniform 
velocity,  the  ball  would,  by  reason  of  the  combined  effect  of  the  two 
motions,  move  along  the  diagonal  of  the  parallelogram  t  b  b'  t'.  But 
the  vertical  descent  of  tho  ball  not  being  unifoi'm,  but  first  moving 
more  slowly,  and  then  moving  more  rapidly,  it  will  move,  not  along 
tho  diagonal  of  the  parallelogram,  but  along  a  curve  represented  by 
the  dotted  line  in  the  figarc,  which  curve  will  be  explaiaed  hei-eafter; 
but  at  the  termination  of  the  fall  the  ball  will  be  found  at  the  foot 
of  the  mast. 
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182.  Example  VIII. —  Object  let  fall  from  a  railway  carriage. — 
The  same  illustration  is  presented  ia  a  still  more  striking  fonn  by  the 
raoyemeBt  of  a  carriage  on  a  railway.  Let  us  suppose  that  a  carriage 
is  moved  along  a  line  of  railway,  at  the  rate  of  60  miles  an  hour,  and 
a  ball  is  dropped  fi;oni  it  at  the  height  of  16  feet  as  it  moves.  If  this 
ball  fall  vertically  it  would  strike  tlie  ground  at  a  point  29\  yards 
behind  the  point  of  the  carriage  from  which  it  was  dropped ;  for  the 
time  of  falling  16  feet  is  one  second,  and  ia  one  second  a  carriage 
moving  60  miles  an  hour  would  move  over  29  J  yards.  The  eaniage 
would,  therefore,  be  29^  yards  in  advance  of  tie  point  at  which  the 
ball  was  let  fall.  But  it  is  found  that,  as  in  tLe  former  case,  the  ball 
will  meet  the  ground  at  a  point  vertically  under  the  part  of  the  car- 
riage from  which  it  was  let  fall,  which  renders  it  evident,  that  during 
the  fall  the  ball  advances  witli  the  same  progressive  motion  as  the 
cai'riage. 

Let  1  {fig.  22.)  represent  the  point  from  which  the  ball  ia  disen- 
gaged, and  B  the  ^poiut  of  the  rails  verticaJly  under  it ;  the  height  T  B 
being  16  feet.  Let  b  e'  be  29^  yards.  In  one  second  after  the  hall 
has  been  disengaged,  the  point  t  will  have  been  carried  forwards  to 
t'  -vertically  above  s'.    At  the  moment  the  ball  was  disengaged  from 


T  it  participated  in  the  progressive  motion  of  the  carriage,  and  con- 
sequently having  a  motion  in  the  direction  t  t',  which,  it'  it  had  not 
been  disengaged,  would  have  carried  it  to  t'  in  one  second.  During 
the  fall  this  motion  is  combined  with  that  of  the  vertical  descent,  and 
the  combination  of  the  two  motions  will  cause  the  ball  to  move  over 
the  curve  represented  by  tie  dotted  line,  and  to  arrive  at  b',  the 
point  vertically  under  t',  at  the  end  of  a  second. 

TheseefFecla  may  be  illustrated  in  a  sfjll  more  striking  manner  by 
supposing  a  vertical  tube  16  feet  high  carried  with  the  train,  like  the 
smoke-funnel  of  the  engine.  If  a  ball  were  held  over  the  centre  of 
the  top  of  the  mouth  of  this  funnel,  and  let  fait,  it  would,  if  the  train 
were  at  rest,  sttike  the  bottom  of  ita  centre  point,  falling  directly 
along  the  centre  or  asis  of  the  tube.  If  the  tube  be  carried  forward 
with  any  velocity,  such  as  sisty  miles  an  hoiir,  the  side  of  the  tube 
will  not  be  carried  against  the  ball  by  such  progresave  motion  as 
might  be  imagined,  but  the  ball  during  its  descent  will  still  keep  exactly 
in  the  centre  of  the  tubo^  as  it  would  have  done  had  the  tube  been 
at  rest. 
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183.  Example  IX,  —  Billiard  flaying  an  application  of  the 
composition  and  resolution  of  motion.  —  The  slcill  of  tie  billiard 
player  depends  on  Im  destrous  application  of  the  composition  and 
resolution  of  foioe.  All  the  mOYementa  of  the  balls,  in  obedience  to 
the  cue,  and  whether  reflected  from  each  other,  or  from  the  cushions, 
are  determined  by  this  principle. 

Let  p  (Jig'  23.)  be  a  billiard-ball  driven  in  the  direction  P  o  by 
At  0  let  it  strike  the  cushion  M  h.  The  force  of  the  impact 
/be  represented  by  the 
/^  dotted  line  O  a,  which  is 
the  diagonal  of  a  parallelo- 
gram, one  side  of  which  is 
o  E  perpendicular  to  the 
oupliJoD,  aJid  the  other  o  c  ia 
the  direction  of  the  cushion. 
Tho  effect,  therefore,  ia 
the  same  as  if,  at  the  mo- 
ment the  ball  struck  the 
cushion,  it  were  influenced 
by  two  independent  forces 
represented  by  o  c  and  o  b. 
The  force  o  B  being  perpen- 
dicular to  the  cushion  is  de- 
stroyed by  ita  reaction ;  but 
the  ball,  being  elastic,  re- 
ceives a  rebound  in  the  con- 
The  force  0  0  beiag  in  the  direction  of  the 
cushion  is  not  destroyed,  and  being  combined  with  that  of  the  rebound 
o  b'  will  cause  the  ball  to  move  along  the  diagonal  o  D  of  the  pjfral- 
lelogram,  of  which  these  two  lines  0  o  and  o  b'  are  the  aides.  If  o, 
instead  of  being  a  point  upon  the  cushion,  bad  been  a  point  upon  the 
surface  of  another  ball,  the  effects  would  be  the  same,  only  in  this 
case  the  line  M  N  would  represent,  not  the  cushion,  but  a  tangent 
plane  to  the  ball  at  the  point  of  impact. 

The  skill  of  the  billiard  player  consists  ia  a  knowledge  of  the  com- 
bination of  such  effects  of  the  composition  and  resolution  of  force  j 
but  instead  of  deriving  it  from  the  pliyaical  principles,  bo  obtains  his 
knowledge  by  long-continued  experience.  He  knows  the  effects,  but 
cannot  explain  them. 

In  ^g.  24.  a  stroke  is  represented  in  which  a  cannon  is  made, 
after  successive  refleotiona  from  each  of  the  four  cushions,  at  the 
points  marked  0.  The  ball  v  is  first  directed  in  the  line  p  o,  upon 
the  ball  p',  so  that  being  reflected  from  it,  it  strikes  the  four  cusbioca 
sucoesMvely  at  the  points  marked  0,  and  ia  finally  reflected  so  as  to 
strike  the  third  ball  p".  At  each  of  the  reflections  from  tho  ball  p' 
and  the  four  cushions,  tie  same  composition  and  resolution  of  force 
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taltea  place  as  ij 
Buob.  composition 


I  Jig.  23.,  and  tte  iliogtams 
are  given  iafig.  24. 


Fig.  S'l. 


184.  Example  X.  —  Example  proving  the  diurnal  rotation  of 
the  earth.  —  The  printaple  of  the  composition  and  resolution  of  force 
has  been  ingenioiasly  applied  for  the  purpose  of  obtaining  a  direct 
demonstration  of  the  diurnal  motion  of  the  earth. 

If  a  high  tower  or  steeple  be  erected  on  the  surfiice  of  the  earth, 
it  k  evident  that,  in  consequence  of  the  revolution  of  the  globe  upon 
its  axis,  the  top  of  the  tower  will  be  moved  in  3  greater  diuma!  circle 
than  the  base,  being  more  distant  from  the  common  centre  round 
wbick  the  entire  world  is  moved.  Tlie  top  of  the  tower,  therefore, 
and  anything  placed  upon  it,  has  a  greater  velocity  from  west  to  east, 
which  is  the  direction  of  the  earth's  rotation,  than  baa  the  bottom. 

Now  if  we  imagine  a  keavy  ball  to  be  let  fall  from  the  top  of  the 
tower  towards  the  base,  this  ball  will  be  affected  by  two  motions :  1st, 
that  which  it  has  in  common  with  the  top  of  the  tower  from  west  to 
east,  in  virtue  of  the  earth's  diurnal  motion ;  and  2dly,  that  vertical 
motion  which  it  has  in  falling.  The  course  it  will  follow  will  there- 
fore depend  on  the  combination  of  these  two  motions,  and  it  will 
sti'ike  the  ground  at  a  point  east  of  that  which  it  occupied  at  the  com- 
menoemeat  of  its  fall,  by  a  space  equal  to  that  through  which  the 
top  of  the  tower  is  carried  during  the  time  of  the  fell.  But  during 
this  same  interval,  the  base  of  the  tower  is  also  moving  eastward,  but, 
as  has  been  explained,  through  a  less  space. 

Kow  aa  the  ball  is  carried  eastward  through  the  apace  through 
which  the  top  of  the  tower  is  carried,  while  the  base  of  the  tower  is 
carried  eastward  through  a  le^  space,  the  ball,  instead  of  falling  at 
the  base  of  the  tower,  which  it  would  do,  if  there  wero  no  diurnal  ro- 
tation of  the  earth,  will  fall  just  so  much  east  of  the  base  as  is  equal 
to  the  diiference  between  the  motion  of  the  top  and  the  motion  of  the 
Jiottom  of  the  tower. 

As  the  difference  between  its  two  motions  must  be  : 
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minute  f[u  n  iy  it  m  ^lit  lie  snppospil  that  fiuch  an  experiinent, 
th  !gh  beautiful  lu  theory,  would  he  inipiactioaMe ;  the  quantity 
which  would  mdi  ate  the  uffect  of  rotatiuu  being  smaller  thaa  could 
be    cenxiteij  measured 

The  experiment  nevertheless,  has  been  loaile,  and  the  result  has 
1  en  witbm  the  liimta  of  error,  such  as  would  be  produced  by  a 
dm  n'J  revolution  of  the  earth  in  twenty-four  hours. 

185  Motion  ahsolut(.  cBii  relative.  — Motion  is  distinguished  into 
(&soia/eand  lelaiwe 

186.  Example  XL  —  ^  person  ■walking  on  the  deck  of  a  ship. 
—  If  a  man  walk  upon  the  deck  of  a  ship  from  stem  to  stem,  he  has 
a  motion  relative  to  the  deck,  measured  by  the  space  upon  it  over 
which  he  walks  in  a  given  time ;  but  while  he  thus  walks  from  stem, 
to  stem,  the  ship  and  its  contents,  including  himself,  are  carried  in 
an  opposite  direction. 

If  it  should  30  happen  that  his  own  progressive  motion  from  stem 
to  stem  is  exactly  equal  to  the  progressive  motion  of  the  ship,  then 
he  will  be  at  rest  with  regard  to  the  surface  of  the  sea,  and  will  be 
vertically  above  the  same  point  of  the  bottom ;  for  his  own  motion 
on  the  surface  of  the  deck  in  one  direction  is,  by  this  supposition, 
exactly  equal  to  the  motion  of  the  ship  in  the  other  direction. 

If  he  walk  npon  the  deck  at  a  slower  rate  than  the  progress  of  the 
ship,  then  he  will  have  a  motion  relatively  to  the  sea,  in  the  direction 
of  the  ship's  motion,  equal  to  the  differenoo  between  the  rate  of  the 
ship  and  the  rate  of  his  own  motion  on  the  deck ;  but  if  he  move 
from  stem  to  stern  on  the  deck  at  a  more  rapid  rate  than  the  ship 
advances,  then  he  will  have  a  motion  relative  to  the  sea  contrary  to 
that  of  the  ship,  and  equal  to  the  difference  between  the  rate  of  the 
ship  and  the  rata  of  his  own  motion  on  the  deck. 

But  these  motions  are  again  compounded  wifli  that  of  the  earth,  in 
which  the  man  who  walks,  the  ship  which  sails,  and  the  sea  itself 
participate;  and  if  the  absolute  motion  of  the  man  who  walks  upon 
deck  is  required  to  be  determined,  it  would  be  necessary  to  combine, 
by  the  principles  of  the  composition  of  motion,  1st,  the  motion  of 
the  man  upon  the  deck ;  2dly,  the  motion  of  the  ship  through  the 
■water;  3dly,  the  motion  of  the  earth  on  its  asis;  and  4thly,  the  mo- 
tion of  lie  earth  in  its  orbit. 

187.  Example  XII.  —  Gymnastic  and  equestrian  feats. — 
Many  of  the  feats  exhibited  in  gymnastic  and  equestrian  exhibi- 
tions are  explained  by  the  principles  of  the  oompowtion  and  resolution 
of  motion. 

As  an  example,  let  na  take  the  case  in  which,  the  exhibitor  stand- 
ing on  the  saddle,  a  table  or  other  elevated  object  is  held  before  him, 
above  the  height  of  the  horse,  but  below  that  of  the  rider,  so  that 
the  horse  may  pass  under  the  table,  whiob  would  obstruct  the  pro- 
gress of  the  rider.     In  this  case  the  rider  leaps  over  the  table,  and 
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ratui-na  to  the  same  point  of  tte  saddle  whicli  lie  left  when  the  horse 
had  passed  under  the  tahle. 

Now,  thia  feat  demands  from,  the  i-ider  a  muscular  exertion,  ex- 
tremely different  from  that  which  might  be  expected. 

Let  us  suppose  the  course  of  the  horse  to  he  represented  hy  A  a' 
(^g.  25.),  the  table  hy  t  b, 
and  the  position  of  the  rider 
upon  the  saddle  when  the 
horse  approaches  the  tahle,  and 
when  the  leap  is  ahout  to  he 
effected,  by  r  d.  At  this  point 
the  rider  leaps,  not  with  a  force 
which  would  project  him  over 
the  table,  but  with  one  which 
would  project  him  vertically 
Fig.  25,  upwards  to  the  position  repre- 

sented by  r'  d'.  This  motion, 
combined  with  the  progressive  motion  whioh  the  rider  has  in  com- 
mon with  the  horse,  and  which  is  represented  by  R  t,  will  cause  the 
rider  to  move,  not  directly  upwards,  in  immediate  obedience  to  his 
exertion,  hut  in  the  diagonal  direoiion  k  r,  so  that  at  the  moment 
tJie  horse  comes  directly  under  the  table,  the  rider  is  directly  over  it 
at  r  d.  The  upward  force  of  the  leap  being  here  expended,  the 
body  of  the  rider  be^ns  to  fall,  and,  if  not  urged  by  a  progressive 
motion,  would  fall  on  the  fable.  But  retaining  the  progressive  mo- 
tion, the  descending  tendency  of  the  fail  is  combined  widi  such  mo- 
tion, and  the  rider  accordingly  descends  in  the  diagonal  direoiion  r 
e',  and  arrives  at  the  point  r'  precisely  at  the  moment  that  the  sad- 
dle borne  hy  the  horse  arrives  at  the  ^ame  point  so  thit  the  rider 
returns  to  h    p     ti  u    u  h   saddl        R  wh  h  h  R 

S        y       ak    g     n 
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example  of  the  prmcjpb  of  the  composition  of  forces. 
Let  K  (_fig-  27.)  be  the  point  upon  which  the  force  of  the  wind  may 
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LB  coHcentrated,  and  let  tte  direction  and  qnantily  of 
jnted  by  the  horizontal  line  K  w.  This  line  k  w 
may  he  talieti  aa  tlie  dia- 
gonal of  a  parallelo- 
gram, one  side  of  wMch 
K  L  is  in  the  direction 
of  the  surftce  of  the 
kite,  and  tlie  other  K  M 
perpendicular  to  it.  The 
former  uomponent  k  l, 
being  in  the  direction  of 
the  surface  of  the  kite, 
""-^^  glides  off  without  effect; 
the  latter  k  m,  being 
perpendicular  to  the  kite, 
ja  effective.  If  the 
string  of  the  kite  be  in 
the  direction  k  a,  direet- 
'■''^'  '^''  ly  opposed  to  K  M,  then 

the  teaaion  nf  the  string  will  balance  the  force  K  M,  and  the  kitffl 
will  lemain  "nsponded  in  the  air,  without  rising  higher;  but  if  the 
direction  of  the  string  be  K  A',  making  an  angle  with  k  M,  then  the 
tension  of  tie  string  acting  in  the  direction  k  a',  and  the  component 
of  the  wind  acting  in  the  direetjon  of  K  M,  will  produce  a  resultant 
action  in  some  intermediate  direction  such  as  k  n,  and  this  resultant 
will  cause  the  kite  to  rise  to  the  point  N,  describing  a  circle  round 
the  centre  A',  and  the  kite  wJU  ascend  in  this  circle  until  the  string 
s  the  direction  of  the  component  of  the  wind  to  which  It  is 
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189.  Force  of  amoving  mass. — That  a  mass  of  matter  moving  in 
any  manner  eseroises  a  certain  force  against  any  object  which  may  lie 
in  its  way,  is  the  phydoal  law  which,  of  all  others,  is  the  most  early,  the 
most  frequent,  and  the  most  uniyersal  result  of  observation  and  ex- 
perience. The  child  has  hardly  emei^ed  from  the  nurse's  arms, 
before  it  hecomes  conscious  of  the  force  with  which  its  body  would 
strike  the  ground  if  it  fell. 

190.  Momentum  of  solid  masses. — The  moving  mass  of  a  hammer- 
head will  cserwse  a  force  upon  a  nail  sufficient  to  make  it  penetrate 
wood,  an  effect  which  no  common  pressure  could  produce.     The  force 
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of  the  liammcrhiad  rt  the  akJi^i  hiiiimci  will  compre  %  inJ  vary 
the  form,  of  a  mias  of  mptsi!  under  it 

By  the  force  of  a  descending  ma's  of  matter  the  die  impiesse? 
upon  a  piece  of  metal  the  image  ind  characteis  of  the  cum  with  moie 
fidelity  and  effect  than  the  pressure  of  tlie  hand  could  pioduce  thorn, 
if  similarly  applied  to  wat 

The  force  of  a  moTing  mass  wiU  cause  a  punch  to  penetiate  a 
thick  plate  of  iron,  or  a  shears  to  cut  tho  same  plate,  wifh  as  nrach 
facility  aa  a  needle  would  penetiate,  or  a  common  "ciasirs  cut  this 

The  moving  masi(-=i  of  the  «pear  thejavelia,  and  the  irrow,  ani 
of  the  bullet  and  the  oanncn  ball  have  been  used  as  destructive  pro- 
jectiles in  war,  ancient  and  modern 

191.  Jtfomtntum  of  liquids  — This  quality  equally  ippertams  to 
matter  in  the  liquid  form 

The  force  of  the  torrent,  when  a  ii\er  overflow  its  banks,  lion  car 
ried  away  buildings  and  levelled  towns  The  firce  ot  the  stieam  13 
used  to  turn  the  mill  and  dkcharge  various  mechanical  fanctions. 

They  who  have  stood  at  the  foot  of  Niagara,  have  been  conscious 
of  the  fiightful  enei^y  of  the  mechanical  power  developed  by  tlio 
motion  of  the  mass  of  wafers  forming  that  cataract. 

192.  Momenlum  of  air. — The  same  quality  belongs  to  matter  even 
in  its  most  attenuated  form  of  air.  The  force  of  air  in  motion  car- 
ries tte  ship  over  the  sea,  and,  acting  upon  the  diverging  arms,  im- 
pels the  mill.  The  tempest  agitates  the  deep,  and  flings  tho  largest 
vessel,  witli  destructive  force,  upon  the  rook.  The  force  of  the  mov- 
ing atmosphere  in  the  hurricane  devastates  countries,  overturning 
buildings,  and  tearing  up  by  the  roots  the  largest  trees. 

It  will  therefore  be  understood  how  importaat  it  is  to  investigate  the 
laws  which  govern  a  quality  of  matter  which  developes  such  effects. 

193,  Conditions  which  determine  the  force  of  a  moving  mass. — It 
is  not  enough  to  know  that  matter  in  motion  will  exercise  this  force 
on  any  object  which  it  encounters;  we  must  be  able  to  express,  with 
arithmetical  precision,  the  conditions  on  which  the  energy  of  this  force 
in  each  case  depends;  we  must  be  able  to  determine,  when  two  dif- 
ferent masses  of  matter  are  moved  under  known  conditions,  what  is 
the  proportion  between  the  forces  which  they  would  respectively  exert 
on  any  object  which  they  might  strike. 

194.  The  mooing  force  mtgmeTtis  with  the  velocity.  — If  a  lea^len 
ball,  of  a  certain  magnitude,  move  with  a  certain  velocity,  it  will 
strike  aa  object  with  a  certain  determinate  force. 

If  another  leaden  ball,  of  the  same  magnitude,  moving  beside  it 
with  the  same  velocity,  strike  the  same  object  at  the  same  time,  it 
will  evidently  strike  it  with  the  same  force,  so  that  the  force  exerted 
by  the  two  halls  will  be  precisely  double  tho  force  which  would  he 
exerted  by  either  of  them. 

01 
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195.  When  the  velocity  is  the  savie,  the  moving  force  augments 
mlh  the  mass  moved.  —  But  if  we  suppose  the  two  balls  moulded 
jftto  one,  80  as  to  make  a  ball  of  double  maenitude,  the  force  of  tbe 
impact  will  still  be  tbe  same.  It  results,  therefore,  in  general,  that 
if  two  bodies  be  moyed  with  the  same  velocity,  one  having  twice  the 
fiuantity  of  matter  of  the  other,  the  force  of  the  latter  will  he  twice 
that  of  the  former. 

By  the  samo  mode  of  reasoning,  it  may  be  shown  generally  that, 
in  whatever  proportion  the  mass  of  the  body  in  motioa  bo  increased, 
the  ihrce  wilii  which  it  would  strike  an  object  in  its  way  will  be  in- 
creased in  the  same  proportion. 

This  force,  exerted  by  a  mass  of  matter  in  motion,  is  caUed  in  me- 
chanics by  the  term  momenlum,  and  sometimes  by  the  phra,se  moving 
force  or  quantity  of  motion 

When  the  vel  ity  is  the  same  theief  iie  the  momentum  or  mov- 
ing force  f  bodies  is  diiectly  pcpoitionil  to  their  mass  oi  quantity 
.  of  matter 

It  is  tound  that  any  force  which  wiull  impel  a  ball  with  i  ^ven 
veloeity  must  be  loubled,  if  the  Vail  reqmie  to  he  impellel  with 
double  the  velocity  ^nd  mcreaaed  m  a  thieefold  prop  rt  on  if  the  ball 
be  required  to  be  impelled  with  three  tmes  the  vclioity  anl  so  on. 
It  is  eviient  theiefore  that  the  moving  fnce  of  i  b  dy  will  be  aug- 
mented in  the  exai,t  pioDoition  m  whi  h  lis  velocity  is  increased,  its 
mass  or  quintitj  of  matter  remaining  the  s'ime 

Thus  the  force  with  which  a  ball  weighing  an  ounce  and  moving 
at  tea  feet  per  second  will  strike  any  object,  will  be  exactly  ten  times 
the  force  with  which  the  same  ball,  moving  at  one  foot  pet  second,, 
would  strike  such  an  object. 

These  fundamental  principles  are  so  obviously  consistent  with  uni- 
versal experience,  that  they  can  scarcely  be  said  to  require  proof. 

196.  Example  I.  —  Force  necessary  to  project  a  stone  by  the 
hand.  —  If  we  project  a  stone  from  the  hand,  we  give  it  but  a  slight 
impulse,  if  out  purpose  be  to  impart  to  it  a  ^ow  motion ;  bat  if  we 
desire  to  project  it  with  greater  speed,  we  exercise  a  greater  force  of 
projection.  Now,  as  the  atone  receives  all  the  force  oommuuieated 
by  the  hand,  it  is  evident  that  the  increase  of  force  in  this  case  is  ex- 
hibited by  the  increase  of  velocity  of  the  motion  of  the  projectile,  the 
body  projected  being  the  same. 

If  we  find  a  certain  muscular  exertion  sufficient  to  project  a  ball 
10  lbs.  weight  with  a  certain  velocity,  wo  shall  find  it  necessaiy  to 
use  double  the  force  if  we  desire  to  project  a  ball  20  lbs,  weight  with 
the  same  velocity. 

197.  Example  II.  —  Force  mcessary  to  raw  a  sUff.  —  A  man's 
force  exerted  upon  oars  can  propel  a  skiff  weighing  100  lbs.  through 
the  water  at  the  i-afe  of  ten  feet  per  second ;  but  the  same  fotco  ap- 
plied in  the  same  manner  to  a  vessel  weighing  a  hundted  tans  would 
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not  move  it  faster  tlian  a  sixteentli  of  an  inch  per  second ;  for  since 
the  surae  force  would  be  tLea  applied  to  a  body  more  tlian  two  thou- 
sand times  heavier,  the  speed  of  tlio  motion  would  he  more  than  two 
thousand  times  less. 

198.  Ariilimetical  expression  for  momentum.  —  To  express  mo- 
mentum aritlimetically,  let  M  express  the  mass  of  the  body,  and  v  ita 
velocity;  then 


will  express  its  moving  force  :  and  if  m'  express  the  mass  of  another 
body,  and  v'  express  its  velocity, 

m'  X  v' 
will  express  its  moving  force. 

H"othiDg  can  he  more  simple  or  easy  than  the  use  of  such  symbols, 
provided  it  be  observed  that  the  same  units  are  used  in  each  case  for 
matter,  and  space,  and  time.  Thus,  for  esample,  if  in  the  first  ease 
the  mass  m  be  expressed  by  its  weight  in  pounds,  and  the  velocity  v 
by  the  number  of  feet  moved  over  per  second,  then  it  is  necessary, 
in  the  second  case,  that  the  mass  m'  should  also  be  expressed  in 
pounds,  and  the  velocity  v'  also  in  feet  por  second. 

For  example,  if  the  mass  M  be  10  lbs.,  and  the  velocity  v  5  feet 
per  second,  then  the  product 

M  X  V  =  50 ; 
the  meaning  of  which  is,  that  tie  moving  force  of  the  body  M  having 
the  velocity  v,  will  be  tie  same  as  the  moving  force  of  a  body  weigh- 
ing 50  lbs.,  moved  at  one  foot  per  second. 

In  like  manner,  if  the  mtws  m'  be  5  lbs.  and  its  velocity  v'  10  feet 
per  second,  then  its  momentum  will  be 

M'  X  v'  =  50; 

showing  that  in  this  case  also  the  momentum  is  the  Eanie  as  that  of 
a  body  weighing  60  lbs.  moving  through  one  foot  per  second. 

In  these  two  cases  the  momenta  are  equal,  although  the  mass  of 
one  body  be  double  that  of  the  other;  but  it  will  be  observed  that 
the  lighter  mass  obtains  as  much  force  by  ita  superior  velocity  as  the 
other  has  by  its  superior  quantity. 

199.  General  condition  of  t}te  equality  of  moving  forces.  — These 
examples  being  generalized,  we  obtain  the  the  following  theorem, 
which  is  of  conmderabie  use  in  mechanics ;  — 

Wken  Ike  tnom&nla  of  two  holies  are  equal,  their  velocities  will  he 
in  the  inverse  proportion  of  their  quantities  of  matter. 

The  meaning  ot  which  is,  that  the  velocity  of  the  lesser  body  will 
be  just  so  much  greater  than  the  velocity  of  the  greater,  as  the  quantity 
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of  matter  in  the  latter  is  greater  tliaa  tLe  quantity  cf  matter  m  &s 
former. 

A  ball  of  cork  wliioli  strikes  upon  a  plmk  of  ■woocl,  evpn  with  the 
greatest  velooity,  ■will  scarcely  produce  an  indintation  of  its  ■roiiace 
A  ball  of  lead  Btriking.  on  the  same  phak  -with  the  same  ^  elocity,  mil 
penetrate  it. 

The  force  of  the  latter  will  be  greater  than  the  foimti  m  the  same 
proportion  as  lead  is  hea'vier  than  cork 


THE   COMMDNIOATION  OP  MOMENTUM  BETWEEN  BODY  AND  BODY. 

200.  Efects  of  Collision. — When  a  body  in  motion  enoountera 
anotier  body,  certain  ciiangea  ensue  ia  the  motion  and  in  the  moving 
force  of  both  bodies. 

These  changes  are  in  general  of  a  complicated  kind,  depending  on 
the  degree  of  elasticity  of  the  bodies,  their  formj  weight,  and  other 
physical  oircumstanoes. 

201.  Case  of  inelastic  masses. — To  simplify  the  question,  how- 
ever, at  present^  we  ehall  consider  the  bodies  completely  dcToid  of 
elasticity,  and  so  constituted  that  after  the  one  impinges  on  the  other 
they  shall  coalesce  and  move  as  one  body  in  some  determinate  direc- 
tion, and  with  some  determinate  speed. 

Although  these  conditions  be  not  strictly  fulfilled  in  practice,  they 
lead  to  conclusions  of  the  greatest  practical  utility,  and  which  approxi- 
mate more  or  less  to  the  results  of  experience,  which  resulte,  however, 
are  modified  by  various  physical  and  mechanical  condilaons,  the  con- 
sideration of  which  is  here  omitted. 

202.  Effect  of  a  moving  lody  sinking  anolJier  at  rest.  —  K  we 
suppose  a  mass  of  matter  M  (Jig.  28.)  moving  in  a  certain  direction 


Fig.  as. 

A.  B,  with  a  velocity  v,  to  encounter  another  mass  of  matter  m'  at 
rest,  and  that  after  the  impact  the  two  masses  shall  coalesce  and  move 
together;  let  it  be  required  to  ascertain  what  will  be  the  direction, 
velocity,  and  force  of  the  united  masses  after  suck  impact, 
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The  mass  m',  being  euppoaed  to  be  previously  at  rest,  can  have  no 
motion  save  what  it  may  receive  from  the  mass  M;  and  consequently, 
after  the  itepaot,  it  must  move  in  the  same  direction  a  b  as  the  mass 
M  moved  in  before  the  impact. 

Whatever  moving  force  m'  may  obtain  by  its  coalition  "with  M 
must  be  lost  by  the  mssa  M. 

This  is  an  immediate  and  verj  important  consequence  of  the  quality 
of  inactivity  or  inertia,  which  haa  been  already  fully  esplained. 

Bodies  cannot  generato  force  in  themselves,  nor  can  they  destroy 
force  which  they  have  independent  of  any  external  agency.  What- 
ever force,  therefore,  the  mass  m'  may  acquire  after  the  coalition  of 
the  two  bodies,  must  be  lost  by  the  mass  m;  and  consequently  the 
total  moving  force  of  the  united  masses,  after  the  impact,  must  be 
exactly  equal  to  the  moving  force  of  the  mass  M  before  impact.  Now, 
according  to  what  haa  been  already  explained,  the  moving  force  of  the 
mass  M  before  impact  was 

MX  V. 

If  V  be  tafccn  to  express  the  velocity  of  the  united  masses  after  such 

coalition,  then  since  the  quantity  of  matter  in  the  combioed  masses  is 

M  +  m',  ita  moving  force  after  coalition  will  be  expressed  by 

(m  -f  m')  X  V. 

But  this  moving  force  cannot  be  greater  or  less  than  the  moving 

force  of  M  before  impact ;  for  to  suppose  it  greater  would  be  to  assume 

that  the  bodies  have  a  power  of  creating  force  in  themselves,  with 

which  they  were  not  endued  by  any  external  agency;  and  to  suppose 

it  less  would  be  to  suppose  them  capable  of  destroying  a  foi-ce  which 

they  had  independently  of  any  external  agency. 

Both  of  these  supjKiationa,  however,  are  equally  incompatible  with 
the  quality  of  inactivity  or  inertia,  which  implies  the  absence  of  all 
power  to  create  or  to  destroy  any  moving  force. 

It  follows,  therefore,  that  the  momentum  of  the  mass  m,  before 
impact,  is  equal  to  the  momentum  of  the  united  masses  after  impact, 
which  is  thus  expressed  in  arithmetical  symbols : — 

MX  V  =  (m  +  m')  X  i>. 
That  is  to  say,  the  mass  m,  multiplied  by  its  previous  velocity,  is 
equal  to  the  united  maases  multipli&i  by  their  subsequent  velocity. 

To  find,  therefore,  the  velocity  with  which  the  united  maases  will 
move,  it  is  only  necessary  to  divide  tbe  moving  force  of  the  mass  M, 
before  impact,  by  the  sum  of  the  united  masses  m  and  M'. 

203,  Example  I.  —  Boat  tmeing  sJ^p.  —  As  an  example  of  fhis;, 
let  us  suppose  a  boat  connected  with  a  ^p  by  a  tow-rope,  the  latter 
being  slack,  to  be  propelled  by  rowers,  at  the  rate  of  ten  miles  an 
hour,  the  boat  weighing  one  hundred-weight,  and  the  ship  weighing 
fifty  tons,  being  one  thousand  times  the  weight  of  the  boat.  The 
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moment  tlie  rope  becomes  fjgliti  or,  aa  seameu  oall  it,  taut,  ttc  moYing 
force  of  the  boat  is  divided  between  the  masB  of  itself  unil  of  tiie 
ykip,  and  the  common  Yelocily  of  the  two  will  be  determined  by  the 
principles  above  explained. 

To  find  it,  therefore,  it  will  be  necessary  to  diminish  the  preyioua 
Telocity  of  the  boat  in  the  proportioa  of  the  weigtt  of  the  united 
masses  of  the  ship  and  boitt  to  that  of  the  boat;  that  is,  in  the  ratio 
of  1001  to  1. 

The  velocity  of  the  boat  having  been  ten  miles  an  honr,  or  14| 
foot  per  second,  the  velocity  with  which  the  ship  would  be  towed  will 
be,  therefore,  the  i^^-g  part  of  a  foot  per  second. 

Thus,  the  force  whioliwaa  sufficient  to  propel  the  towing  boat  alone 
through  146|  feet  in  ten  seconds,  will  only  tow  the  ship  through 
little  more  than  one-sisth  of  a  foot  in  the  same  time. 

204.  Collision  of  two  bodies  moving  in  same  direction. — We  have 
here  taken  the  case  in  which  the  body  m'  is  at  I'est.  Let  us  dow 
suppose  that  it  has  a  motion  in  the  same  direction  a  B  as  that  of  the 
mass  M,  but  with  a  velocity  v',  less  than  v,  the  velocity  of  m,  so  that 
the  body  M  shall  overtake  the  body  m',  anci  that  after  coalition  they 
shall  move  together  with  a  common  speed ;  what  wiU  this  common 
speed  be  ?  It  follows,  as  a  consequence  of  the  quality  of  inactivity 
or  inertia,  that,  after  their  coalition,  the  united  masses  cannot  have  a 
moving  force  either  greater  or  less  than  the j  had  before  tieir  union ; 
consequently,  the  moving  force  of  the  coalesced  bodies  will  bo  fonnd 
by  adding  together  the  two  moving  forces  which  they  had  before 
tlioir  coalition.  These  two  forces,  according  to  what  has  been  ex- 
plajned,  being  expressed  by  m  X  V  and  m'  X  v',  the  moving  forces 
of  tie  coalesced  m.ss&  wiU  be 

M  X  V  +  M'  X  V', 

But  if  V  express  the  velocity  of  the  united  ma^es,  its  moving  force 

must  also  be  expressed  by  this  velocity  v,  multiplied  by  the  total 

massj  that  is,  by  M  +  M' ;  and,  consequently,  we  mive 

M  X  V  +  m'  X  "v'  =^  (m  4-  h')  X  0. 

It  follows,  therefore,  from  this,  that  if  we  divide  the  sum  of  the 

moving  forces  of  the  two  bodies,  before  their  union,  by  the  sum  of 

their  masses,  the  quotient  will  be  the  velocity  of  the  united  masses 

after  their  union,  the  moving  force  6f  the  united  masses  being  eqnivft- 

Icnt  to  the  sum  of  their  moving  forces  before  their  union. 

It  is  evident  that  this  common  velocity,  which  the  combined  bodies 
will  have  after  their  imion,  will  be  less  thanthe  speed  of  the  body  m 
wliich  overtakes  the  other,  and  greater  than  that  of  the  body  m'  which 
is  overtaken ;  the  one  g^ns  and  the  other  loses  velocity,  and,  conse- 
quently, it  is  evident  that  the  one  must  gain  and  the  other  lose  mo- 
mentum. Now,  this  gain  and  loss,  on  the  one  side  and  on  the  other, 
ai'e  always  precisely  equiil.    Whatever  momentum  the  body  siiuck 
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receives  from  the  body  striking,  the  latter  loses,  and  neitlier  more  nor 
less.     Tliare  is,  therefore,  a  precisely  equal  change  of  momentum. 

205.  Equality  of  action  and  reaction.  —  This  geueral  principle, 
■which,  as  we  have  seen,  is  a  direct  consequence  of  the  quality  of 
inertia,  and  which,  if  not  established,  would  lead  to  the  conclusion 
that  mere  matter  has  a  power  in  itself  to  produce  or  destroy  its  mo- 
tion, is  usually  annouDced  under  the  form  of  the  following  mechani- 
cal dogma  or  maxim  : — 

ACTION  AND  REACTION  ARE  EQUAL  AND  OONTRAEY. 

The  ierm  action,  applied  to  the  case  above  osplainod,  ia  the  power 
which  the  striking  body  has  to  give  increased  momentum  to  the  body 
struck ;  and  reaction  expresses  the  correlative  power  which  the  body 
struck  haa  of  depriving  the  striking  body  of  an  exactly  equal  quantity 
of  momentum. 

This  celebrated  law  of  the  equality  of  action  and  reaction,  there- 
fore, means  nothing  more  than  the  equal  .interchange  of  momentum, 
iu  contrary  directions,  between  two  bodies  which  come  into  collision, 
and,  as  such,  is  an  immediate  consequence  of  the  quality  of  inertia. 

206.  ExAMPtB  I.  —  Mviual  action  of  two  boats. — K  a  boat 
weighing  a  hundred- weight,  rowed  at  the  rate  of  fifteen  feet  per  se- 
cond, be  suddenly  connected  by  a  towing-line  with  another  boat 
which  is  rowed  in  the  same  direction  at  the  rate  of  ten  feet  per  se- 
cond, and  which  weighs  two  hundred-weight,  then  the  momentum  of 
the  first  being  expressed  by  15,  and  that  of  the  second  by  20,  theur 
combined  momenta  will  be  S5,  which,  being  divided  by  their  united 
weights  3,  ^ves  the  quotient  11|,  or  11  ft.  8  in  ,  the  apace  per  se- 
cond throitgb  which  they  will  be  rawed  togethei 

207-  Effect  of  collision  of  two  bodies  moiing  in  contrary  direc- 
tions.—  Finally,  let  us  con^der  the  case  in  which  the  two  bidios  m 
and  m'  (fg.  29,)  are  moving,  not  in  Ihe  sime,  but  in  contiary  di- 


o? 


rcctiona.  Let  the  body  m  be  supposed  to  be  moving  from  a  towar<3s 
c,  and  the  body  m'  from  e  towards  c;  and  let  c  be  the  point  at  which 
they  will  coalesce,  the  momeutam  of  M  being  supposed  to  be  greater 
than  that  o£  m'.  Oti  their  coalition,  the  momentum  of  m'  will  de- 
stroy just  so  much  of  the  momentum  of  M  as  is  equal  to  its  own 
amount:  for  it  is  evident  that  equal  and  contrary  forces  must  destroy 
9  _97 
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each  other.  After  the  union  of  tho  two  bodies,  the  momentum,  there- 
fore, that  will  rem^n  undestroyed,  will  he  the  excess  of  the  moying 
force  of  M  over  the  moying  force  of  m',  and  this  escess  will  he  in  the 
direolion  c  b  of  the  progrossire  motion  of  the  hody  m.  But,  as  we 
have  seen,  the  moviag  force  of  the  body  M  is  esprcseed  by  m  X  V, 
and  tiie  moving  force  of  the  body  m'  is  expressed  by  m'  x  v'.  It 
therefore  follows  that  the  moving  force  whiii  the  aoited  masses  will 
have  in  the  direction  A  B  will  he 


But  it  is  also  apparent  that  the  moTing  force  of  the  united  masses 
will  be  esprossed  by  the  quantity  of  the  uuited- masses  multiplied  hy 
their  velocity.  If  we  express,  as  before,  this  velocity  hy  u,  tbea  we 
shall  have 

M  X  V  —  m'  X  v' —  (m  +  m')  X  V. 

This  statement  implies  nothing  more  than  that  the  momentum  of 

the  masses,  after  their  coalition  in  the  dilution  of  the  greater  force, 

will  be  equal  to  the  difference  between  their  momenta  in  contrary 

directions  before  coalition. 

It  follows,  also,  from  this,  that  the  velocity  of  the  united  masses 
in  the  direction  of  that  which  has  the  greater  foi-ce  before  their  coali- 
tion, will  be  foitiid  by  dividing  the  difference  between  their  momenta 
by  the  sum  of  their  masses. 

20S.  This  effect  verijies  the  law  of  the  e^valily  of  action  and  re- 
action.— This  case  affords  another  esample  of  the  application  of  the 
maxim,  that  action  and  reaction  are  equal  and  contrary. 

The  effect  which  takes  place  when"the  bodies  coalesce  may  be  thus 
esplaiaod. 

When  the  two  bodies  m  and  m'  meet  at  0  (^g.  29.),  the  action  of 
the  body  M  upon  the  body  m'  destroys  tho  entire  momentum  of  the 
latter  in  the  direction  b  C,  and,  in  addition  to  that,  imparts  to  it  a 
certain  momentum  in  the  contrary  direction  c  B,  which  will  be  ex- 
pressed by  the  mass  m',  multiplied  by  the 'velocity  which  that  mass 
has  in  common,  with  M,  in  the  direction  c  b,  after  their  coalition. 
This  velocity  is  expressed  by  v,  and,  consequently,  the  momentnm 
imparted  to  m',  in  the  direction  0  b,  after  impact  by  the  action  of  the 
body  M,  will  be  m'  X  (I.  The  total  action,  therefore,  of  the  body  ,M 
upon  the  body  M'  will  be  made  up  of  the  momentum  of  m',  which  is 
destroyed  in  the  direction  b  0,  and  which  is  expressed  by  m'  v',  and 
the  momentum  which  is  imparted  to  it  in  the  contrary  direction  c  b, 
and  which  is  expressed  hy  m'  ji.  Therefore,  tho  entire  action  of  M 
upon  m'  will  he  expressed  by 

m'  X  v'  +  m'  X  V. 
Such,  then,  being  the  effect  of  the  action  of  M  upon  m',  let  us  now 
con^der  what  will  be  the  effect  of  the  reaction  of  m'  upon  m.    Upon 
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the  collision  at  o,  when  m'  loses  its  entire  momentum  iu  the  direction 
c  A,  it  iTill  destroy  in  the  hody  Bi  an  esaotly  equal  amount  of  momen- 
tum ;  that  is  to  say,  the  body  m  will  lose,  in  the  direction  A  0,  a 
momentum  equal  to  m'  X  v',  which  is  lost  by  tlie  body  m'.  But  m 
also  imparts,  by  its  action  ta  m',  a  momentum  in  the  direction  of  0  B, 
which  is  expressed  by  m'  X  v.  Now,  the  reaction  of  m'  upon  m,  in 
receiving  tliis  momentum  in  the  direction  of  c  B,  must  deprive  m  of 
exactly  the  same  momentum  in  that  direction ;  that  is,  it  must  deprive 
it  of  a  momentum  in  the  direction  of  c  B,  expressed  by  M'  X  v. 
Hence  it  follows  that  the  fflfal  amount  of  momentum  lost  by  reason 
of  the  reaction  of  m'  upon  M  is  ospressed  by 

m'  X  V'  +  M'  X  1!, 

■which  is  precisely  equal  to  the  momentum  gained  by  m'. 

It  appears,  then,  that  in  this  case  the  law  of  equal  action  and 
reaction  is  still  fulfilled,  the  action  of  M  upon  m' being  precisely  equal 
to  the  reaction  of  m'  upon  M. 

209.  Collision  of  equal  masses  with  equal  and  opposite  velocities. 
— When  two  equal  bodies  meet,  moving  with  equal  velocities  in  oppo- 
site directions,  their  shock  will  immediately  destroy  each  other's 
momentum;  for  in  this  case,  the  momenta  being  equal  and  contrary, 
it  will  be  mutually  destroyed.  The  force  of  tiie  shock  produced  by 
the  two  bodies  in  this  case  will  be  equal  to  the  forco  which  either, 
being  at  rest,  would  sustdn,  if  struck  by  the  other  moving  with  double 
the  velocity;  for  the  action  and  reaction  being  equal,  each  of  the  two 
will  sustain  as  much  shock  from  reaction  as  from  action. 

210.  E3:amples  of  railway  trains  and  steamboats.  —  If  two  tmI- 
way  trains,  moving  in  contrary  directions  at  twenty  miles  an  hour, 
sustain  a  collision,  the  shock  will  be  the  sajue  as  if  one  of  them, 
being  at  rest,  were  struck  by  the  other  moving  at  forty  miles  an  hour. 

If  two  steamboats,  of  equal  weight,  approach  each  other,  one 
moving  at  twelve  miles  an  hour,  and  the  other  fifteen  miles  an  hour, 
each  will  suffer  a  shock  from  the  collision,  the  same  as  if  it  were 
struck  by  the  other  moving  3.t  twenty-seven  miles  an  hour. 

211.  Pugiiism.  —  In. the  combats  of  pugilis'ts,  the  most  severe 
blows  are  those  struck  by  fist  agwnst  fist;  for  the  force  suSerfed  by 
each  in  such  case  is  equal  to  the  sura  of  the  forces  esorted  by  either 
arm.  Skilful  pugilists,  therefore,  avoid  such  collisions,  since  both 
suffer  equally  and  more  severely. 

212.  Collision  of  masses  m/yoing  in  different  directions.  —  ti 
what  precedes  we  have  limited  our  observations  tfl  the  cases  in  which 
the  boSies  which  coalesce  are  moving  either  in  the  same  or  opposite 
directions  in  the  same  straight  line.  Let  us  consider  now  the  case  in 
which  they  move  in  different  straight  lines  before  their  coalition. 

Let  a  body  m  (fig.  30.)  be  supposed  to  move  in  the  line  ab,  and 
fraui  A  towards  B.     At  some  intermediate  point  0  suppose  it  to  be 
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struck  by  another  body  m', 
moyicg  in  tte  line  a'  b'  from 
A'  towarda  b',  and  suppose  that 
at  the  moment  M  arrives  at  c, 
m'  also  arrives  at  that  poiot  and 
coalesces  witli  it,  and  that  after 
their  union  the  bodies  move 
together.  The  question  is,  in 
what  direction,  with  what  force, 
and  with  what  velocity  they 
Sm'  will  be  moved.     This  question 

is  easily  solved  by  the  applioa- 
'^'  tion  of  the  principle  of  the  par- 

allelogram of  foroes  already  explained. 

Let  the  velocity  with  which  m  moves  in  the  direction  a  b  be  ex- 
pressed by  V,  and  let  the  velocity  with  which  M'  moves  in  the  direc- 
tion a'  b'  be  expressed  by  v' ;  then  m  X  V  will  be  the  moving  force 
of  the  body  M  directed  from  0  towards  b,  and  m'  X  y'  will  be  tlie 
moving  force  of  the  body  m'  directed  from  C  towards  b'.  Let  the  dis- 
tance c  D  represent  the  force  M  X  V,  and  let  0  d'  represent  the  force 
m'  X  v'  and  complete  the  parallelogram  c  d  e  d'.  Draw  its  diagonal 
C  E.  This  diagonal  will  then  represent  the  direction  and  the  quantity 
of  the  momentum  which  the  combined  masses  M  and  m'  will  htvie 
after  their  coalition.  If  we  would  find  the  velooity,  it  will  only  be  neces- 
sary to  divide  the  number  expressed  by  this  diagonal  0  e  by  the  num- 
ber expressing  the  sum  of  the  masses  M  and  m'  ;  the  quotient  will 
be  the  velocity  with  whioh  the  combined  masses  will  move  from 
c  to  B. 

213.  How  aclion  and  reaclion  are  modified  hy  elasticity. — Wiena 
body  which  strikes  a  hard  sm'face  is  elastic,  the  effects  of  action  and  re- 
action are  modified  in  a  manner  which  it  will  be  necessary  to  explain. 
Let  us  suppose,  for  the  simplicity  of  the  explanation,  that  the 
form  of  the  body  is  ■that  of  a  sphere  or  globe.  When  it  strikes  a 
hard  surface  with  any  force,  it  will  be  momentarily  flattened  at  the 
point  of  impact,  and  wiU  take  aa  oval  form ;  the  force  of  the  impact 
will  compress  it  in  the  direction  of  the  blow,  and  it  will  be  elongated 
in  a  direction  at  right  angles  to  the  body. 

Thus,  if  its  spherical  form  before  the  blow^jo  represented  inj%. 
31,,  and  if  ti  c  be  the  diameter  which  -is  in  the  diteo- 
f  the  iiiipact,  o  being  the  point  at  which  the  im- 
pact takes  place,  and  a  b  be  the  disvmet^r  at  right 
jir — [—111  angles  to  D  C,  then  the  body  at  the  moment  of  teceiv- 
Vly      ing  tlie  force  of  impact  will  take  an  oval  form  repre- 
C  sented  in_^.  32.,  the  diameter  a  b  will  be  eiongated, 

Fig  31.       I'ld  D  C  contracted  by  the  force  of  the  impact.     But 
the  body,  bv  force  of  its  elasticity,  wiU  make  an  effort 
100 
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to  recover  its  figure,  and  the  point  c  will  react  upon  tlie  surface 
which  it  strikes,  and  by  that  effort  the  body  will  recoil;  because  the 
diameter  D  c,  in  its  effort  to  recover  its  original 
lengtb,  will  press  the  matter  of  the  body  against 
the  hard  surface  a.t  c,  and  this  pressure  being  re- 
sisted mill  cause  the  body  to  rebound. 

214.  Perfect  and,  imperfect  elasticity, — If  the 
elasticity  o^  the  body  be  perfect,  tte  force  with 
which  the  spherical  figure  is  restored  will  be  equal 
to  that  with  which  it  has  been  compressed  into  an  ellipse,  and  this 
force  being  resisted  by  the  surface,,  the  body  will  rebound  with  the 
same  force  as  that  with  which  it  struck  it.  But  if  the  elasticity  of 
the  body  he  imperfect,  then  the  restoring  force  will  have  less  in- 
tensity than  the  compressing  force,  and  the  body  will  rebound  with 
less  force  than  that  with  which  it  struck  the  surface. 

215.  Rebound  of  an  ivory  hall. — If  an  ivory  ball,,  a  substance 
which  possesses  elasticity  in  a  high  degree,  be  dropped  upon  any 
hard  and  smooth  surface  which  is  levei,  it  will  riao  very  nearly  to 
the  height  from  which  it  was  dropped.  It  would  rise  exactly  to  that 
height,  but  for  two  causes :  first,  the  want  of  perfect  elasticity ;  and, 
secondly,  the  resistance  of  the  air. 

216.  Oblique  impact  of  an  elastic , body. — When  an  elastic  body 
strikes  a  surface  in  a  direction  not  perpendicular  to  that  surface,  it 
will  be  reflected  in  another  direction,  which  will  depend  partly  on 

the  direction  in  which  it  strikes 
the  surfece,  and  partly  on.  the 
degree  of  elasticity  of  the 
striking  body.  Let  ab  (^g. 
33,)  bo  the  surface,  and  lot  the 
body  be  supposed  to  strike  it  at 
c,  having  moved  in  the  direo- 
tioa  do;  and  let  na  first  sup- 
pose that  the  body  is  perfectly 
elastic.  The  force  of  the  im- 
pact at  0  being  represented  by 
CE,  may  be  resolved  into  two 
Tig  3^  f Dices,  OP  perpendicular  to  the 

suiface  AS,  and  ca  parallel  to 
it.  "We  may  fhi^iefji  suppose  the  ball  at  C  to  be  affected  by  two 
such  forces,  Njw,  since  the  ball  is  supposed  perfectly  elastic,  the 
component  0  E  will  cause  a  rebound  in  the  direction  of  c  f'  equal  to 
the  foi-oe  c  F.  If,  theiefore,  we  take  o  f  equal  to  o  f,  the  body  will, 
after  the  impact,  be  affected  by  two  forces,  c  g  in  the  direotion  of  the 
surface,  and  o  f'  perpendicular  to  it,  and  it  will  accordingly  move  in 
the  diagonal  c  e'  of  the  parallelogram  of  which  c  f'  and  0  G  are 
sides;  but  this  parallelogram  being  in  every  respect  equal  to  flio 
101 
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parallelogram  cfeg,  the  acgle  formed  by  Ce'  with  tlie  surface  CB 
will  he  equal  to  the  angle  formed  by  C  E  and  0  d  witk  the  same  sur- 
face. Hence  it  appears,  ihat  in  this  case  the  body  will  be  I'cfleoted 
from  the  sm-face  which  it  strikes  at  the  same  angle  as  that  witb 
which  it  strikes  it ;  that  is  to  say,  the  angle  d  c  a  will  he  equal  to  the 
angle  B'  c  B. 

217.  Wliett  the  striking  body  is  p    f    ly    last      th      n  I      f 
incidence  and  reficclion  are  equal  —  Th     j        pi        vl.     lly 
nouuoed  thus :  W  hen  a  perfectly  elast     Idytk      ah     I       fee 
and  rebounds  from  it,  the  angle  of        d         w  U  b      q    1  t    the 
angle  of  reflection,  and  these  angles  w  11  b     n  th    oam    pi  n 

By  the  angle  of  incidence  is  ufiderst     1  th    an  J    wh   h  th    di    o- 
tion  D  c  of  the  original  motion  of  iiie  bJlf   m   wthth    j    pnlo- 
Tilar  c  I  to  the  surface  sfiuck;  and  by  th     n  1     f     fl    f    n      und 
stood  that  which  the  direction  o  e',  in  wh    h  th    b  dy         I     f    n 
with  the  same  perpendicular. 

218.  When  tlte  striking  body  is  imp  f  tly  la  t  t!  angl  f 
incidence  is  less  than  the  angle  of  fi  t  n  — But  f  th  body 
which  strack  the  hard  surfece  be  imp  f  tly  1  t  th  n  th  e^  1 
produced  by  the  component  c  r  {jig.  34  )  p    p  nl     1     t    th     ur 

face  C  E       U  be  1  IS  th  n  f  h    f 
with  wh  h  th    h  ly   tnkes  th 
face    t         Th    in       E    th     f 
which     p       nt,  th  f         I 

will  b    1      th  n  cp     ni  th    p  -J 
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Q  w  th  th 
lelogiam  0  r  E  Q,  has  the  side  C  e' 
less  than  C  f.     Consequently  it  is  ob- 
vious that  the  angle  which  o  e  makes 
with  tho  perpendicular  C I  wiU  he 
greater  thai}   the  angle  which  D  C 
makes  with  the  same  perpendicular. 
This  principle  is  announced  thus ;  When  a  body  imperfectly  elastic 
strikes  a  hard  snrfece,  the  angle  of  incidence  will  be  less  than  the 
angle  of  refieolion,  and  the  difference  between  these  angles  will  be 
greater,  the  more  imperfect  is  the  el^ticity  of  the  body. 

219.  The  laws  of  motion.  —  Before  the  true  principles  of  induc- 
tive science  were  so  well  wnderstood  and  so  generiOly  admitted  as 
they  are  at  present,  the  esposition  of  the  property  of  inertia,  and  of 
its  most  important  consequences,  was  embodied  by  Newton  in  three 
formularies,  called  by  him  iJie  laws  of  motion,  which  have  attained 
great  celebrity  in  the  history  of  mechanical  science,  although  these 
mechanical  masiras  have  lost  much  of  their  importance  by  the  more 
general  diffuaou  of  correct  principles  of  physical  science ;  they  are, 
nevertheless,  entitled  to  notice,  and  ought  to  be  re^stered  in  the  me- 
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mory  of  all  students,  were  it  only  for  their  illnstrioua  ori^n,  and  to 
commemorate  the  difficulty  which  the  true  priiioiples  of  induction  had 
to  struggle  agaiost  in  the  extermination  of  the  errors  of  the  old  phi- 
losophy.    These  laws  of  motion  aro  announced  as  follows :  — 

FiasT  LAW- 
Every  body  must  persevere  in  ita  state  of  rest,  or  of  uniform  mo- 
tion in  a  sti-aight  line,  unless  it  be  compelled  to  change  that  state  by 
force  impressed  npon  it. 

Every  change  of  motion  must  be  proportional  to  the  impressed 
force,  and  must  be  in  the  direction  of  that  straight  line  in  which  the 
force  is  impressed. 

THIUK  LAW. 

Action  must  always  be  equal  and  contrary  to  reaction;  or  the 
actions  of  two  bodies  upon  each  other  must  be  equal,  and  their  direc- 
tions must  be  opposite. 

220.  Meaning  of  these  laws.  —  The  first  of  these  propositions  is 
little  more  than  a  definition  of  the  quality  of  inertia. 

The  terms  in  which  the  second  is  expressed  reqnire  qnalifioation 
and  explanation,  without  which  they  might  be  subject  to  erroneous 
interpretation. 

If  a  body  be  at  rest,  it  is  true  that  every  motion  it  receives  mnst 
be  proportional  to  and  in  the  direction  of  the  force  impressed,  that  is, 
of  die  force  which  produces  the  motion ;  but  if  a  body  be  already  in 
motion  in  one  direction,  and  receive  a  force  in  another  direction,  then 
the  new  direction  which  the  body  taies  will  not  be  in  the  direction, 
of  the  force  impressed,  nor  proportional  to  it,  but  will  be  in  the  direc- 
tion of  the  di^onal  of  a  parallelogram,  one  mAe  of  which  represents 
the  force  with  which  the  body  previously  moved,  and  the  other  the 
new  force  which  is  impres'sed  npon  it  This  has  been  already  fully 
explained 

In  the  third  Kw,  the  woid  aciion  means  the  moMug  force  which 
one  body  loceives  when  anothei  acts  upon  it,  and  the  woid  reaction 
means  the  moving  tori/S  which  the  httei  loses  in  consequpnoe  of  com- 
mumcating  force  to  the  former 

The  equdity  of  action  and  reaction  la,  therefore,  aubjeet  to  the  same 
qualihiafion  as  inu'it  be  given  to  the  feims  of  the  second  law  of 
motion 

Both  piopo'itions  aie  lifeiilly  true  only  when  the  two  motions  ia 
((uestion  aie  directed  in  the  same  Btiiij,ht  line  'When  they  are 
directed  in  'Iiifoient  stmght  line'*,  thm  the  piopositica  muut  be  in- 
teipreted  by  thi,  priniiplcs  ot  the  composition  ot  tjtcea,  ^s  already 
explained 
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221.  Maxim,  that  there  is  always  the  same  quantity  of  motion  in 
the  world,  explained.  —  The  consequence  of  tie  equality  of  action 
and  reaction,  combined  with  what  has  been  explained  respecting  the 
indestrnctihility  of  matter  in  a  former  chapter,  have  led  some  philo- 
Bophers  to  the  adoption  of  the  startling  physical  dogma,  that  there 
has  been,  and  must  be  always,  the  same  quantity  of  matter  and  the 
same  quantity  of  motion  in  the  world;  in  other  words,  that  nothing 
short  of  divine  agency  can  create  or  destroy  either  the  amallest  por- 
tion of  matter  or  the  smallest  moving  force.  So  far  as  this  applies 
to  matter,  it  has  been  already  explained ;  but  a  few  words  may  be 
useful  to  elucidate  the  import  of  this  maxim  as  applied  to  moving 
force  or  momentum,  as  it  may  naturally  be  objected,  that  as  all  orea^ 
tures  endowed  with  animal  fife  have  the  power  of  spontaneous  mo- 
tion, how  can  it  with  truth  be  said  that  there  is  always  tho  same  quan- 
tity of  moving  force  in  the  world  ? 

222.  Cannot  a  living  agent  produce  neie  motions  ? — Must  not  an 

animal  who  by  the  act  of  its  will  puts  its  body  in  progressive  motion 

f    Di        pi       t    an  th    ,  and  after  a  time  by  another  act  of  its  will 

th    m  t   n  t    cease,  first  create  a  new  motion,  and  then  de- 

tiyt      Ith      ntm  such  a  power  manifest  contradiction  to  the 
ax  m  wh   h   It     that  there  is  always  the  same  quantity  of  moT- 

n    f   cs    n  th    w    Id     for  while  the  animal  is  in  motion,  is  there 
i  body  in  existence,  which  did 
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B  tw    n  th    n  f  the  body  of  the  animal  and  the  earth  on 

h  h    t  t    ad    th  therefore  an  action  and  reaction;  which  are 

1    1  and   1  po  t      Whatever  moving  force  the  body  of  the  animal 
q     es  n    ne  d      t  n,  the  earth  loses  in  the  other;  and  therefore 
the  animal  m  y  be  c  naidered  as  robbing  the  eai'th,  so  to  speai,  of 
the  moving  force  which  its  body  gains. 

But  wten  the  animal,  after  moving  to  the  desired  point,  brings  his 
body  to  rest,  there  is  another  action  upon  the  earth.  His  body  is 
deprived  of  the  momentum  which  it  had  acquired  by  the  action  of 
the  feet  upon  the  ground,  so  that  the  momentum  with  which  the 
ma&s  of  its  body  moved  is  now  imparted  to  the  earth,  gradually,  as 
his  motion  is  retarded,  and  altogether  when  he  comes  to  rest.  It 
therefore  appears,  that  the  animal  takes  from  the  earth  hia  progres- 
sive momentum  when  he  be^ns  to  move,  and  returns  it  to  the  earth 
when  he  comes  to  rest. 
224.  Case  of  the  motion  of  a  railway  tram  explained. — If  a  rail- 
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way  train,  weighing  100  tons,  be  started  from  a  state  of  rest  hj  a 
locomotive  engine,  and  attain  a  velocity  of  50  miles  an  Sionr,  it  will 
have  aequired  a  certain  moving  foree  of  100  tons,  moving  at  73^  feet 
per  second,  whioh  ia  equivalent  to  a  maaa  of  T,833|  tons,  moving  at 
the  rate  of  one  foot  per  second.  Now  thia  momentum  is  obtained  by 
the  action  of  the  driving-wheels  of  the  engine  on  the  rails,  produced 
hj  the  force  of  the  steam. 

This  action  is  attended  with  an  equal  and  opposite  reaction  upon 
the  rail,  and  through  tie  rail  upon  the  earth.  The  earth,  therefore, 
hy  this  reaction,  loses  as  much  momentum  in  the  direction  in  which 
the  train  moves  as  the  train  gains;  therefore  the  earth  loses,  in  this 
ease,  a  momentum  equal  to  7,833^  tons  moved  one  foot  per  second, 
which  momentnm  the  tiain  has  acquired. 

Now,  when  the  same  train  is  about  to  atop,  the  moving  force  which 
it  possesses  is  imparted  to  the  rails,  as  it  must  be  by  the  resistance  of 
the  rails  on  the  wheels  that  the  train  ia  brought  to  rest.  The  rails 
therefore  in  this  case,  and  with  them  the  earth,  receive  back,  gra-. 
dually,  its  moving  force,  as  the  train  is  gradually  stopped;  and  when 
the  train  has  been  brought  to  actual  rest  upon  the  vails,  its  entire 
moving  force,  equal  to  7,333J  tons  moving  one  foot  per  second,  is 
restored. 

225.  Theearlh  a  great  reservoir  of  momentum. — It  appears,  there- 
fore, that  the  earth  may  be  regarded  as  a  great  reservoir  of  momen- 
tum as  it  ia  a  great  reservoir  of  matter,  and  that  a  moving  force, 
which  by  any  action  whatever,  whether  mechanical  or  vital,  which  ia 
produced  upon  it,  must  be  borrowed  from,  and  will  be  restored  to  it 
when  snch  moving  force  ceases.  The  analogy,  therefore,  of  matter 
and  momentum  is  complete,  and  the  maxim  above  mentioned  must 
be  accepted.  As  all  apparently  new  bodies  must  be  composed  of 
materials  derived  from  the  earth,  and  as  all  bodies  apparentfy  de- 
stroyed are  merely  decomposed,  and  their  atoms  return  to  the  com- 
mon stock  of  matter  which  constitutes  the  globe,  so  all  momenta 
must  be  obtained  from  the  common  reservoir  of  forces  in  the  earth 
and  restored  to  it, 

226."  Would  spontaneous  progressive  motion  he  possible  in  the  ab- 
sence of  a  mass  like  the  earth  to  react  upon  7  —  But  perhaps  .another 
objection  may  be  raised  in  the  minds  of  some  to  this  reasoning.  It 
may  be  aalied,  whether,  if  the  body  of  a  man  or  animal,  endued  with 
life,  could  be  imagined  to  be  suspended  in  space,  .out  of  contact  with 
the  earth,  could  not  such  man  or  animal,  by  the  act  of  its  will,  put 
its  body  in  progressive  motion?     We  answer  at  once  in  the  negative. 

Any  attempt  to  move  the  Jimhs  would  produce  in  the  b 
animal  an  equal  action  and  reaction.  If  any  limb  wer 
with  any  given  force,  a  reaction  would  take  place  in  other  parts  o 
the  body,  which  would  be  projected  backwards  with  the  same  force, 
and  the  general  mass  of  the  body  would  have  no  progressive  motion. 
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Tte  memorable  declaration  of  Arciiimedes,  that  Jf  he  had  a  point 
of  support  te  could  move  the  world  itself,  admits  of  being  converted ; 
and  the  philosopher  might  have  said  wilii  equal  truth,  that  without 
a  support  he  could  not  moYe  forward  OTen  his  own  body. 


TERRESrsrAL  GGAVITi". 

227.  The  plumb-line.  —  A  small  weight  suspended  by  a  light  and 
flexible  thread  from  a  fixed  point  forms  a  comhinatioQ  called  a  plumb- 
!ine,  and  so  denominated  because  the  weight  usually  attached  to  the 
string  is  B  ball  of  lead. 

If  several  plumb-lines  be  placed  near  each  other,  it  will  be  found 
that  tie  strings,  when  at  rest,  will  all  be  precisely  parallel  to  each 
other. 

228.  Vertical  direction.  —  This  common  direction  which  the 
threads  of  plumb-lines  assume  is  called  the  vertical  direction. 

229.  Lievel  surface.  — If  a  quantity  of  liquid  contained  in  a  ves- 
sel be  at  rest,  its  surlaoe  will  have  a  position  which  is  called  level. 

If  several  fluids,  near  each  other,  be  at  rest,  their  surfaces  will  be 
found  to  be  parallel  to  each  other.  Thus,  the  surface  of  water  in  a 
basin,  the  surface  of  a  pond,  ialce,  or  river,  are  all  parallel  to  each 
otlier,  and  parallel  to  the  surface  of  the  sea  itself  when  calm. 

The  snrfece  of  the  land  is  unequal  and  -undulating,  being  formed 
into  hills  and  valleys,  and  rising  occasionaUy  into  mountains  of  con- 
siderable elevation.  If  this  land,  however,  ixiuld  be  rendered  fluid, 
the  mouatains  and  hills  would  subside,  the  valleys  would  rise,  and  the 
entire  surface  would  assume  one  uniform  level ;  and  would,  in  fact, 
coincide  with  the  general  surface  of  the  sea,  and  would  be  parallel  to 
the  surface  of  fluids  at  rest. 

When  it  is  said,  therefore,  that  the  level  of  a  fluid  suri'ace  at  rest 
is  parallel  to  the  surface  of  the  earth,  it  must  be  understood,  that  by 
the  surface  of  the  earth  is  meant  the  general  direction  of  the  surface 
of  the  land,  or  the  exact  direction  which  it  would  -assume,  if,  being 
rendered  fluid,  all  -the  parts  were  allowed  to  subside  to  a  common 

The  direction  which  is  taken  by  a  plnml>-liae  at  rest,  is  found  to 
be  exactly  perpendicular  to  such  a  surface. 

230.  Terrestrial  gravity  indicated  hy  tltese  facts.  —  These  (acts, 
which  are  the  result  of  universal  experience  and  observation,  are  ex- 
pliuned  by  the  supposition,  that  the  earth  exercises  an  attraction  upon 
all  bodies  placed  upon  or  near  it,  and  that  the  direotjoa  of  this  attrac- 
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tion  ia  perpondioakr  to  its  genera!  surface,  that  is  to  say,  perpen- 
dicular to  the  surface  of  the  sea,  or  of  a  fluid  at  rest. 

Thus,  the  feet  that  several  plamb-liues  have  their  strings  parallel 
is  explained  by  stating,  that  the  weights  suspended  from  the  strings 
being  all  attracted  in  a  direotion  perpendicular  fo  the  surface  of  the 
earth,  must  he  parallel  to  each  other. 

Every  particle  of  a  fluid  contained  in  a  vcs^l  being  equally  at- 
tracted in  the  same  vertical  direction,  the  surface  must  become  level 
and  perpendicular  to  that  direction ;  for  if  any  portion  of  it  were  more 
elevated  than  another,  the  weight  of  such  more  elevaled  part  would 
force  it  downwards,  and  press  upward  the  lower  particles,  unti!  all 
should  attaia  the  same  level.  This  supposition,  which  ia  adopted  to 
explain  these  familiar  effects,  is  verified  and  conclusively  established 
by  a  vast  body  of  evidence  supplied  by  astronomical  researches,  from 
which  it  appears  that  all  bodies  in  the  universe  exercise  upon  each 
other  attractions  depending  on  their  mass  and  on  their  mutual  dis- 
tance, ia  a  manner  whioh  will  be  explained  heareafter. 

231.  The  earlh  attracts  all  bodies  towards  Us  centre.  —  The 
globe  whioh  we  inhabit  participates  in  this  common  property.  It 
therefore  exercises  an  attraction  upon  all  bodies  placed  on  or  near  its 
siiriaee,  which  is  proportional  to  their  masses,  and  is  directed  towards 
the  centre  of  the  earth,  and  therefore  in  a  direction  perpendioiJar  to 
its  surface. 

2S2.  Bodies  fall  in  vertical  lines.  —  If  a  body  suspended  at  any 
heigbt  be  disengaged,  this  attraction  of  the  earth  will  cause  it  to  fall 
in  a  vertical  direction,  that  is  to  say,  jn  the  direction  of  a  plumb-line. 

233.  W^hat  is  the  reaction  corresponding  to  the  action  of  a  falling 
tody  ?  —  And  here  it  may  be  asked  whether  such  effects  are  not  in- 
compatible with  that  principle  of  equality  of  action  and  reaction  which 
we  80  fully  developed  in  the  last  chapter  ?  If  a  heavy  body,  disen- 
gaged at  any  height,  be  precipitated  to  the  surfiice  of  the  earth,  does 
it  not  exhibit  a  moving  force  which  did  not  previously  exist,  and  is 
not  this  an  action  wiflioiit  a  reaction  ? 

It  is,  however,  established  by  proofs  which  will  bo  explained  in 
another  part  of  this  work,  that  the  earth  not  only  attracts  the  bodi^ 
around  it,  but  is  attracted  by  them ;  and  that  the  moving  force  which 
is  impressed  on  them  is  balanced  by  a  moving  foree  impressed  by 
tlicm  upon  it.  In  fact,  in  the  attraction  of  gravitation,  as  this  pby- 
sioal  agent  is  called,  the  equality  of  action  and  reaction  is  verified  as 
completely  as  it  is  in  the  mutual  impact  of  bodies. 

For  the  present,  however,  it  will  not  be  necessary  to  dwell  on  this 
point.  What  more  immediately  concerns  us  is  the  explanation  of 
those  phenomena  which  are  developed  in  the  effects  of  gravity  acting 
on  bodies  at  or  near  the  surface  of  the  earth,      t 

234.  Ml  hodiesfall  mOt  the  same  velocity.  —  Gravity  acts  equally 
and  independently  on  all  the  particles  composing  a  body,  and  there- 
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fore  lias  a  teiidcney  to  make  all  these  particles  move  witli  equal  velo- 
cities, and  in  parallel  lines  perpendicular  to  the  surfaee. 

It  is  easily  conceived  that  if  two  leaden  balls  of  equal  magnituda 
be  placed  side  by  ade  at  the  same  height,  they  will  fall  together 
with  the  same  velocity  to  the  surface,  and  strite  the  earth  at  the 
game  moment  side  hy  side.  Now,  if  the  matter  of  these  two  balls 
be  moulded  into  a  single  ball,  the  effect  will  remain  the  same,  since 
their  form  cannot  affect  the  operation  of  gravity  upon  them. 

In  the  same  manner,  if  fen  or  a  hundred  leaden  balls  of  equal 
magnitude  be  disengaged  together,  they  will  fall  together;  and  if 
they  be  moulded  into  one  ball  of  great  magnitude,  it  will  still  fall  ia 
the  same  manner.  Hence  it  follows  that  masses  of  matter,  however 
they  may  vary  in  magnitude  and  weight,  will  descend  to  the  surface 
of  the  earth  with  the  same  velocity,  and  if  they  Ml  from  the  same 
height  will  arrive  at  fie  surface  of  the  earth  in  the  same  time,  pro- 
vided tbey  be  affected  by  no  other  force  but  that  of  gravity. 

235.  Effects  apparently  incompatible  with  tlds  explained. — 
There  are  some  circumstances  developed  in  the  fall  of  bodies,  and  the 
effects  of  the  resistauce  of  the  wr  upon  them,  which  are  apparently 
incompatible  with  what  has  been  just  stated.  If  a  feather  and  a. 
leaden  ball  suspended  at  the  same  height  be  disengaged,  it  is  evident 
that  tbey  will  not  fall  with  the  same  velocity.  The  leaden  ball  will 
be  propelled  with  a  rapidity  much  gi'eater  than  that  which  affecfa  the 
feaflier.  But  in  this  case  the  operation  of  gravitation  is  modified  by 
the  resistance  of  the  air,  which  is  much  greater  upon  the  feather  than 
upon  the  leaden  ball.  That  two  such  bodies  would  descend  with  the 
same  velocity  if  relieved  from  the  interference  of  the  air,  may  be 
shown  by  the  experiment  which  is  familiarly  known  as  that  of  the 
guinea  and  feather. 

236.  Guinea  and  feather  experiment. — Let  a  glass  tube,  Ab 
(^g.  35.),  of  wide  bore,  as,  for  example,  three  or  four  inches,  and 
of  five  or  six  feet  in  length,  be  closed  at  one  cud,  B,  and  supplied 
with  an  air-tight  cap  and  stop-cock  at  the  other  end,  a.  The  cap 
being  unscrewed,  let  small  pieces  of  metal,  cork,  paper,  and  feathers, 
be  put  into  it,  the  cap  screwed  on,  and  the  stop-cock,  closed.  Let 
the  tube  be  rapidly  inverted,  so  as  to  let  the  objects  included  fall 
from  end  to  end  of  the  tube.  It  will  be  found  that  the  heavier 
objects,  such  aa  the  metal,  will  fell  with  greater,  and  the  lighter 
with  less  speed,  as  might  be  expected.  But  that  this  difference  of 
velocity  in  falling  is  due,  not  to  any  differeoee  in  the  operation  of 
gravity,  but  to  the  resistance  of  the  air,  ia  proved  in  the  follow- 
ing manner.  Let  the  stop-oook  be  screwed  upon  the  plate  of  an 
air-pump,  the  cock  being  open,  and  let  the  tube  be  exhausted. 
Let  the  cock  then  be  closed,  and  unscrewed  from  the  plate,  On 
lapidly  inverting  the  tube,  it  will  then  be  found  that  the  feathers 
will  be  precipitated  from  end  to  end  as  rapidly  as  the  metal,  and 
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thfit,  in   bhort    all  tie  objecfa  will  fall  together  witK  a  common 
vel  city 

TS  237    Weight  of  bodies  propm-tional  to  their  quanti- 

]^  i)ei  of  matter.  —  Since  the  attraction  of  the  earth  acta 
equally  on  all  the  component  parts  of  hodiea,  and  ance 
the  aggregate  forces  produced  by  such  attraction  oou- 
Btitute  what  is  called  the  weight  of  the  body,  it  is  clear 
thit  the  weights  of  bodies  must  he  in  the  esact  propor- 
tion of  the  number  of  particles  composing  them,  or  of 
their  quantity  of  matter. 

Hence  in  the  common  affairs  of  commerce,  the  quan- 
titiPS  ft  bodies  are  estimated  by  their  weights. 

It  will  appear,  hereafter,  that  the  weight  of  a  body, 
or  tl  e  f  irce  with  which  it  is  attracted  to  tho  surface,  ja 
slip,htly  different  in  different  places  upon  the  eaith;  but 
this  IS  a  point  which  need  not  be  insisted  on  at  present. 
At  the  same  place  the  weights  are  invariably  and 
exactly  proportional  to  the  quantities  of  matter  com- 
posing the  bodies.  If  one  body  have  double  or  triple 
the  weight  of  another,  it  will  have  double  or  triple  the 
quantitj  of  matter  in  the  other. 

238  Motion  of  a  falling  lody  accelerated. — It  ia 
not  enough  for  the  purposes  of  science  to  know  merely 
the  lirection  of  the  motion  which  gravity  iropreases 
upou  boJies ;  wo  require  to  know  whether  the  motion 
1  (,  one  having  a  uniform  velocity;  or,  if  not,  in  what 
F  g  35       manuiT  loea  the  velocity  of  the  falling  body  vai-y  ? 

If  a  man  leap  from  a  chwr  or  table,  he  will  strike 
the  ground  without  injury.  If  the  same  man  leap  from  a  house-top, 
be  will  probably  be  destroyed  by  the  Ml.  These,  and  innumerable 
similar  effects,  indicate  that  the  force  with  which  a  body  strikes  the 
ground  is  augmented  with  the  height  from  which  it  falls.  !Now,  as 
this  force  depends  on  the  velocity  of  the  body  at  the  moment  it 
touches  the  ground,  it  follows  that  the  velocity  of  the  fall  is  aug- 
mented with  the  height. 

In  short,  when  a  body  is  disengaged  and  allowed  to  deseend  in 
obedience  to  gravity,  its  velocity  is  gradually  accelerated  as  it  de- 
scends. Meteoric  stones  which  descend  from  the  upper  regions  of 
the  atmosphere,  stiike  the  earth  with  such  force  that  they  ai-e  often 
known  to  penetrate  in  it  a  considerable  depth. 

239.  Force  of  fall  not  proportional  io  height. — It  might  be 
naturally  eaougli  conjectured,  that  the  force  with  which  a  body 
strikes  the  earth  is  proportional  to  the  height  from  which  it  has 
lidien;  and  such  an  illustration  has  been  accordingly  used  by  oratora 
in  speaking  of  the  severity  of  censure  proceeding  from  high  quar^ 
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terg';  but,  lite  many  other  ornaments  of  eloquence  drawn  from  pbysi- 


The  force  of  the  fall  is  not,  aa  we  shall  now  show,  proportional  to 
the  height  from  which  tho  body  has  descended.  A  body  falling  from 
a  double  height  does  not  strike  the  ground  with  a  double  force, 

240,  Analysis  of  the  motion  of  a  falling  lody. — When  a  body, 
such,  for  example,  as  a  leaden  ball,  is  disengaged  at  any  height,  and 
delivered  to  the  action  of  gravitation,  the  effect  of  this  force  upon  it 
is  to  impart  to  it  a  certain  velocity. 

Now  it  is  evident  that  the  quantity  of  velocity  wWoh  the  altrae- 
tion  of  the  earth  gives  to  the  ball  in  one  second  of  time  must  be 
equal  to  the  force  which  it  would  ^ve  to  it  in  another  second  of 

Let  us  suppose,  for  example,  that  a  moveable  stage  B  (^Jig.  36.)  is 
attached  to  a  wall  or  pillar,  and  is  so  adjusted  that  the  Ml  disen- 
gaged at  B  shall  arrive  upon  the  stage  s  precisely  at  tie  termination 
of  one  second.  The  body  will  then  stnke  the  stage  with  a  certain 
foi'ce. 

Let  another  stage  s'  be  placed  at  the  same  distance  from  a  aa  s  is 
from  B.     If  tho  ball,  having  been  brought  to  rest  by  the  stage  s,  is 
again  disengaged,  it  will  stfilie  the  stamj  a'  at  tho  end 
^^     of  another  second,  and  with  the  same  force;  and  if  the 
stage  a"  be  fixed  at  an  equal  distance  below  s',  the  bail, 
having  been  brought  to  rest  at  s',  aud  then  disengaged, 
will  strike  the  stage  8"  at  the  end  of  the  third  second, 
„  g    aod  with  equal  force. 

In  this  ease  we  have  supposed  that  while  the  ball  de- 
scends, the  velocity  it  has  acquired  at  the  end  of  each 
successive  second  is  destroyed  by  the  resistance  of  the 
stages  a,  s',  and  a",  &c.     But  suppose  tljat  on  arriving 
'3    at  s,  at  the  end  of  tie  first  second,  the  body  was  not 
deprived  of  the  velocity  it  had  acquired,  but  allowed  to 
retain  it  in  its  descent,  the  retention  of  this  velocity 
would  not  in  the  slightest  degree  prevent  the  aodon  of 
^  s''  gravity  in  imparting  to  it  an  equal  quantity  of  velocity 
in  the  second  second ;  therefore  at  the  end  of  the  second 
second  the  body  would  have  the  veloiaty  with  which  it 
slJ'uck  the  stage  s,  in  addition  to  the  velocity  which  it 
had  acquired  at  the  end  of  the  second  second.     In  the 
second  second,  therefore,  the  body  would  descend  through 
a  much  greater  space  than  8  s',  and  at  its  termination 
Fig.  36      would  have  a  velocity  double  that  which  it  had  at  the 
end  of  the  first  second.     In  lite  manner,  if  the  velocity 
acquired  in  the  second  second  were  not  destroyed  by  the  stage  s',  the 
body  would  at  the  end  of  the  third  Beeond  possess  thh  velocity,  in 
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iddition  to  the  velaoity  wtich  would  be  imparted  to  It  by  the  action 
of  giavily  in  the  third  Reoond. 

In  fiEe,,it  followa  that  the  aotinn  of  gravitation  imparts  to  a  de- 
scending body  a  certain  velocity  in  every  aueoessive  second  of  time 
duiiag  it3  actjoa;  and  conHequently,  the  velocity  which  a  falling  body 
has  at  the  end  of  ten  or  twenty  leoonds,  is  exactly  ten  or  tweiitj 
times  the  velocity  it  had  at  the  end  ot  one  Booond 

241.  Velocity  acquired  by  a  falling  body  augwenl'!  tilth  ihs  time 
of  the  fall. — This  principle,  m  virtue  of  which  the  velocity  impaited 
by  gravity  to  faDing  bodies  accumulates  in  them,  is  expiessed  as 
follows ; — 

The,  velocity  acquired  by  a  body  wi  descending  by  thefm  ce  of  gra- 
vity, increases  in  proportion  to  the  time  of  the  fall. 

242.  Uniformly  accelerated  motion  and  uniformly  accelerating 
force.  —  A  motion,  the  velocity  of  which  is  thus  augmented  in  pro- 
portion to  the  time  counted  from  its  comtnenoemontj  is  called  uni- 
formly accelerated  motion,  and  tie  force  which  produces  eueh  a 
motion  is  called  uniformly  accelerating  force. 

Gravity,  tberefore,  acting  oa  bodies  near  the  surface  of  the  earth, 
is  a  uniformly  accelerating  force. 

Since  a  body  ia  falling  moves  with  a  velocity  gradually  and  uni- 
formly accelerated,  its  average  or  mean  velocity  will  be  that  which  it 
bad  precisely  at  the  middle  point  of  the  interval  which  elapses  during 
its  fall  Thus,  if  a  body  fall  during  ten  seconds,  the  average  speed 
will  be  that  which  it  had  at  the  end  of  the  fifth  second.  This  is  evi- 
dent, inasmuch  as,  the  speed  imparted  in  each  successive  second 
being  the  same,  the  average  of  all  the  speeds  at  the  end  of  each  num- 
ber of  seconds,  counted  from  the  commencement,  wilt  necessarily  be 
that  which  it  had  at  the  middle  poin,t  of  the  time. 

It  follows  from  this  also,  that  the  final  speed  acqiured  by  a  body 
at  the  end  of  any  time  will  he  double  the  average  speed  counted 
from  the  commencement  of  its  fall.  This  is  evident,  since,  the  velo- 
city being  proportioned  to  the  time,  the  final  speed  is  necessarily 
double  that  which  is  acquired  in  half  the  time,  which  is,  as  has  been 
just  shown,  the  average  speed. 

243.  ,3  body  falling  during  any  time  acquires  a  speed  which 
■would  in  the  same  time  carry  it  ooer  twice  the  space  through  which 
it  lias  fallen. — It  follows  from  this  also,  that  if  a  body  were  to  move 
with  itfl  final  velocity  continued  uniformly,  it  would,  in  a  fame  equal 
to  that  of  the  fall,  move  over  a  space  equal  to  double  that  through 
which  it  had  fallen;  for  the  final  speed  being  double  the  average 
speed,  the  space  described  with  the  former  will  be  double  the  spaca 
described  with  the  latter  ia  the  same  time. 

To  obtain  a  more  exact  estimate  of  the  manner  in  which  the  de- 
scent of  a  heavy  body  is  acoelej-ated,  it  will  be  nsefui  to  investigate 
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tlie  epaoes  through  wliioli  a  body  moves  in  ita  descent  during  every 
auoceasive  second  of  time. 

244.  .Snali/sis  oftlie  heights  faUen  through  in  successive  seconds. — 
Let  us  espress  by  H  the  heiglit  through  which  a  body  falls  from  a  state 
of  rest  in  one  second.  At  the  end  of  such  second,  the  body  haa  ac- 
quired a  velocity,  in  virtue  of  which  it  would,  in  another  second, 
without  tke  further  action  of  gravity,  move  through  a  space  2  h  ;  but 
duriog  the  next  second  gravity  would  cause  the  body  to  descend 
through  another  space  equal  to  H,  supposing  it  to  move  from  a  state 
of  rest.  Therefore  during  the  nest  second  the  body  is  moved  through 
a  space  equal  to  three  limes  H ;  that  Js  to  say,  twice  h  in  virtue  of 
the  velocity  acquired  at  the  end  of  the  first  second,  and  a  space  H  ia 
virtue  of  the  action  of  gravity  upon  it  during  the  nest  second. 

Let  ns  now  consider  the  mofion  of  the  body  during  the  thii-d  se- 
cond. At  the  end  of  the  second  second,  the  body  having  fallen 
through  a  height  expressed  by  4  H,  has  acquired  a  velocity  in  virtue 
of  which,  without  any  further  action  of  gravity,  it  ■would  move  through 
a  space  equal  to  8  times  n  in  two  seconds,  and  4  times  h  in  one  se- 
cond ;  but  iu  addition  to  this  gravity  also,  in  the  third  second,  would 
move  it  through  a  space  h;  and  from  these  two  effects  combined,  the 
body  in  the  third  second  would  descend  through  a  space  expressed  by 
5  H.  But  we  have  seen  that  in  the  fii-st  two  seconds  it  has  fallen 
through  a  space  expressed  by  4  H,  and  therefoM  at  the  end  of  the 
third  second  it  will  have  iallen  through  a  height  from  the  state  of 
rest  espressed  by  9  H. 

Pursuing  its  course  further,  we  find  that  it  begias  its  motion  during 
the  fourth  second  with  a  velocity  such  as  would  make  it,  in  three  se- 
conds, without  the  further  aid  of  gravity,  move  through  a  space  equal 
to  double  that  which  it  bad  fallen  through  from  a  state  of  I'est,  tiiat 
is  to  say,  18  h;  consequently,  with  this  velocity,  it  would  move  in 
the  fourth  second  through  a  space  equal  to  6  H ;  but,  in  addition  to 
this,  the  action  of  gravity  carries  it  in  the  fourth  second  through  the 
space  H,  and  by  these  combined  effects  it  must  move  in  this  second 
tbrough  a  space  equal  to  7  h.  In  the  same  manner,  it  may  be  shown 
that  the  space  through  which  it  moves  in  the  fifth  second  is  9  H, 
while  the  space  through  which  it  moves  in  the  first  five  seconds  is  25 
H ;  and  the  space  through  which  it  moves  in  the  sixth  second  is  11  h, 
while  the  space  tlirough  which  it  descends  lirom  a  state  of  rest  in  the 
first  sis  seconds  ia  36  h  ;  and  so  on. 

245.  Tabular  analt/sis  ofthe  motion  ofafalling  lody.  —  In  the 
foDowing  table  is  expressed,  in  the  first  column,  the  number  of  se- 
conds, or  other  equivalent  intervals  of  time,  counted  from  the  com- 
mencement of  the  fall.  In  the  second  column  is  exhibited  the  space 
through  wliieh  the  falling  body  moves  in  each  successive  interval,  the 
unit  being  understood  to  express  the  space  through  which  a  body  falls 
in  the  firet  second  of  time.  In  -the  third  column  is  expressed  the 
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velocity  wtiohtlie  body  has  acquired  at  the  end  of  eiich  interval,  eonnted 
from  the  commenoemeat  of  the  fall,  and  expressed  by  the  space  which, 
if  aueh  velocity  coutinued  uniformly,  the  hody  would  desorihe  in  one 
scooiid.  In  the  fourtli  column  is  ezpressod  the  total  heights  from 
whict  tlie  body  falls  from  a  state  of  rest  to  the  end  of  the  time  es- 
preased  in  the  first  column. 

Tabular  Analysis  oe  the  Motion  of  a  Faliinq  Body. 


. 

Total  Ht^litlUlea 

SpiissMl™ 

\tth<,S"l 

tUrougli  from  Best 

thraBgi  tn  oaCh 

Number  of  Beconas 

au^salTC  Second. 

BOSI. 

Columa. 

Etet  Mmnn. 

1 

1 

2 

1 

4 

s 

5 

0 

i 

7 

8 

16 

5 

9 

10 

2a 
30 

T 

14 

8 

16 

64 

17 

18 

U 

10 

19 

20 

100 

AlthougK  all  tlio  circumstances  attending  the  descent  of  bodies 
falling  freely  are  included  with  arithmetical  precision  in  the  above 
table,  we  may  nevertheless  reader  it  more  easy  to  obtain  a  clear  con- 
ception of  these  important  phjaioal  ptenomena  by  the  annexed  dia- 
gram (fig-  S7.))  in  which  the  divided  scale  represents  the  vertical 
line  along  which  the  body  is  supposed  to  fall,  O  being  the  point  from 
which  it  commences  its  descent.  The  points  which  it  successively 
passes  at  the  termination  of  1,  2,  3,  4,  6,  6,  and  7  seconds  respec- 
tively are  marked  i,  ii,  iir,  iv,  V,  Vi,  Vir,  The  figures  of  the  scale 
indicate  the  total  heights  through  which  the  body  has  fallen  at  the 
end  of  each  successive  second,  the  unit  being  tbe  height  through 
which  the  body  falls  in  the  first  second. '  The  spaces  included  &- 
tween  brackets  on  the  right  of  the  diagram  are  those  through  which 
the  body  falls  in  each  successive  second.  It  will  Ihen  be  apparent, 
first,  that  the  body  is  accelerated  m  its  motion,  inasmuch  as  the  apaoea 
through  whioh  it  ^Us  in  each  auocessive  second  are  evidently  increas- 
ing ;  secondly,  that  the  apace  through  which  it  falls  in  any  number 
of  seconds  is  expressed  by  the  square  of  this  number,  the  unit  being 
the  space  fallen  through  in  the  first  second;  thirdly,  that  the  spaces 
fallen  through  in  each  successive  second  are  expressed  by  the  odd 
numbers  with  reference  to  the  same  unit. 
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A  ilireot  csporimetitai  verification  of  the  rosulfa 
esMuted  in  the  preceding  table  and  diagram,  would 
be  attended  with  several  practical  difficulties.  The 
heiglits  throngh  which  a  body  Mia  by  gravity,  act- 
ing frpelj  in  several  seconds,  are  considerable,  and 
a  ^leit  velocity  ia  soon  acquired.  Tlie  resistance 
of  the  air  disturbs  the  result,  and  some  difEculty 
would  be  found  in  observing,  with  sufBcient  preci- 
•uou,  the.  points  at  which  the  falhng  body  woiiid  be 
founcl  at  each  successive  second  of  time. 

246.  AUviood's  machine  for  illustrating  experi- 
mentally the  plienmneTia  of  falling  bodies.  —  This 
and  other  practical  diffiomlies  have,  however,  been 
surmounted  by  a  beautiful  and  u 
apparitns,  called  from  ita  inventor  "Attwood's 
chme  "  By  this  appaiatus,  the  intensity  of  the  force 
'  uf  giavity  can  be  diminished  in  any  desired  propor- 
tnn  without  divesting  it  of  any  of  ita  characters  of  a 
uniformly  accelerating  force.   Thi  '     '' 

falhng  body  descend  a' 
eflect  of  the  atmospKe 

cepfible,  and  the  height,  and  all  the  ciroumstaneea 
attending  the  fiiU,  caa  be  observed  with  the  greatest 
W/    pi-ecision. 

This  contrivance  consists  of  two  equal  cylindrical 
weights,  AV,  'W'  {Jig,  38.),  connected  by  a  fine  silken 
thread,  which  passes  in  a  groove  over  a  nicely-con- 
structed wheel  E,  turning  on  a  horizontal  axis,  so  as 
to  be  subject  f*  an  imperceptible  friction.  This 
wheel,  and  the  stand  which  supports  it,  are  placed 
upon  a  bracket  A  b,  attached  to  a  wall,  or  supported 
on  a  pillar,  at  a  convenient  height.  Adjacent  to 
y  IS  the  thread  supporting  one  of  the  weights  w,  there  ia 
a  divided  vertical  scale,  by  whioh  the  circumstances 
attending  the  descent  of  the  weight  can  be  noticed 
and  meaBnred.  "When  the  weight  w  is  brought  to 
the  highest  point  of  the  scale,  the  weight  w'  will  be 
near  the  ground;  but  the  weight  of  the  thread  is  so 
inaigniflcant,  that  though  unequal  portions  of  it 
hang  on  each  side  of  the  wheel  R,  the  difference  of 
j^ig,  isi.  their  weights  produoea  no  petoeptible  effect,  and, 
ncoordingly,  the  two  equal  weighta  w  w'  rest  in  equilibrium. 

Now,  if  a  small  additional  weight  ic  be  placed  upon  the  top  of  the 
cylindrical  weight  W,  it  will  cause  the  weight  W  to  descend,  and  the 
"""'iht  w'  to  rise;  and  this  descent  will  have  all  the  charaotera  of  a 
formlj  accelerated  motiouj  for  the  force  of  gravity  impresses  on  the 
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p  ep  deralaug  w  ^ 
wt  oil  it  would  imprras  u_ 
but  this  moving  force  is,  by  the  very  condition 
of  the  apparatus,  shared  by  w  and  the  equal 
we  gilts  TV  and  w',  bo  that  instead  of  imparting 
to  w  the  velocity  whioh  such  weight  would  have 
were  it  free,  the  velocity  of  the  augmented  mov- 
ifig  m-i^,  consisting  of  w,  w,  and  w',  will  be  di- 
min  bed  in  precisely  tiie  same  proportion  as 
tte  mass  moved  is  increased;  therefore,  the 
we  f,ht  W  bearing  upon  it  to,  will  fall  with  a  ve- 
loe  ty  Bo  much  less  than  ,that  with  which  to 
woall  fall,  were  it  free,  as  the  combined  weighfa 
w  "W,  and  IP  are  greater  than  w  alone.  B\it 
the  other  cireurastances  attending  the  descend- 
ing motion  will  be  precisely  similar  to  those 
which  attend  the  descending  motion  of  any  fall- 
ing body.  The  machine  will  in  fiict,  present  a 
m  n  ature  representation  of  the  phenomena  of 
f  Ihng  bodies;  the  effects  will  be  the  same  as 
though  the  attraction  of  the  earth  upon  a  failing 
body  were  diminished  to  such  an  extent,  that 
the  velocity  of  the  descent  would  be  reduced  fo 
tl  at  with  whioh  the  weight  w  falls. 

Now,  as  we  can  adopt  a  preponderating  weight 
"law   10  'IB  small  as  may  be  desired,  it  is  clear  that 
wo  may  reduce  the  velocity  of  the  fall  in  so  great 
a  degree,  that  all  the  circumstances  attending 
g  3  the  motion  during  the  descent  can  be  deliberately 

an^  1.0    r  ttly  ul  seived 

Let  ns  B  ppooe  foi  esimple,  that  the  weights  W  and  w'  are  each 
twenty  f  ut  ounces  and  that  the  preponderating  weight  w,  placed 
H  on  w  to  produce  its  descent,  is  a  quarter  of  an  ounce.  The  total 
n  a'iS  moved  therefore  by  the  action  of  gi^avitj  impressed  upon  the 
weight  w,  will  be  193  times  the  weight  m,  for  the  weights  w  and  w', 
taken  together,  are  forty-eight  ounces,  that  is  to  say,  192  quarters  of 
an  ounce ;  and  the  weight  ui,  which  is  one  qilarter  of  an  ounce,  being 
added  to  this,  will  make  a  total  of  193  quarters  of  an  ounce. 

The  attraction  of  gravity,  therefore,  instead  ot  impiiting  ■selocity 
to  one  quai'ter  of  an  ounce,  has  to  move  193  quarters  of  an  ounce, 
and,  consequently,-  the  velocity  it  imparts  pei  se  ond  wiU  be  193 
times  less. 

We  have  here,  with  a  view  to  amplify  the  explan.i,fion,  avoided 
all  reference  to  the  motion  imparted  to  the  wheel  ovei  which  tbe 
strings  pass;  but  it  will  be  evident  that  the  toice  impressed  by  gra- 
vity on  the  preponderating  weight  w,  must  be  shared  with  the  mat- 
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ter  of  the  wteel,  aa  well  as  with  the  weights  w  and  w'.  If  the  mat- 
ter of  the  wheel  were  all  collected  at  its  edge,  it  would  then  he 
moved  with  the  same  velocity  aa  the  weights  w  and  W'  and  io  this 
case  it  would  be  only  necessary  to  consider  the  weight  of  the  wheel 
as  forming  part  of  the  masses  w  and  w',  and  therefore  to  diminish 
the  latter  so  that  the  total  weight  of  w  and  w'  and  the  wheel  should 
laafee  up  forty-eight  ounces. 

But  as  the  mass  of  the  wheel  is  not  all  collected  at  its  edge,  it 
does  not  all  receive  the  same  velocity,  hut,  on  the  contrary,  its  differ- 
ent parts  are  moved  with  less  velocities  the  nearer  they  are  to  its 
centre.  This  difiereaoe  of  moving  force  imparted  to  different  parts 
of  the  wheel,  requires  to  be  allowed  for,  by  calculating  how  much 
matter  collected  at  the  edge  of  the  wheel  would  have  an  equal  mov- 
ing force.  Such  a  oalcnlation,  though  presenting  no  difficulty,  and 
subject  to  no  inaccuracy  or  doubt,  would  involve  mathematical  prin- 
ciples and  operations  which  cannot  bo  conveniently  introduced  here ; 
and  we  may  therefore  assume,  that  the  momentum  imparted  to  tiie 
wheel  is  represented  by  an  equivalent  portion  of  the  foity^eigbt 
oimces  assigned  to  the  weights  ^  and  w',  and  that,  in  fact,  the  real 
weights  of  these  must  be  a  little  less  than  those  aasigued  to  them, 
the  difference  being  represented  by  the  effeot  of  the  wheel. 

Being  provided  with  a  pendulum  beating  seconds  ia  an  audible 
manner,  and  taking  the  thread  which  sustains  the  weight  W'  between 
the  fingers,  let  the  weight  w  be  elevated  until  its  upper  surfaee  coin- 
cides with  the  zero  of  the  scale.  Listening  attentively  to  the  beats 
of  the  pendulum,  let  the  thread  he  disengaged  at  the  moment  of 
any  one  beat. 

It  will  be  found  that,  at  the  moment  of  the  next  beat,  the  weight 
TV  will  have  fallen  precisely  one  inch.  During  the  second  heat  it 
will  have  fallen  through  precisely  three  inches  more,  during  the  third 
beat  it  will  have  fallen  through  jJue  inohes,  during  the  fourth  heat  it 
will  have  fellen  through  seven  inohes,  during  the  fifth  beat  it  will 
have  fallen  through  nine  inches,  and  so  on.  Now,  if  these  distances 
bo  compared  with  those  given  in  the  second  colomn  of  the  preceding 
table,  they  will  be  found  to  correspond ;  the  spaces  through  which 
the  weight  w  descends  in  successive  seconds  bang,  aa  shown  ia  this 
table,  expressed  by  the  odd  numbers. 

In  the  same  manner,  it  will  appear  that  the  height  through  which 
the  weight  w  falls  daring  the  first  second,  being  one  inch,  the  height 
through  which  it  falls  dming  the  first  two  seconds  will  be  four 
inches,  the  height  through  which  it  falls  during  the  first  three  se- 
conds will  be  nine  inches,  the  height  through  which  it  falls  during 
the  first  four  seconds  will  be  sixteen  inches,  the  height  through  which  it 
fells  during  the  first  five  seconds  will  be  twenty-five  inches,  and  so  forth. 

These  numbers  correspond  with  and  verify  those  given  in  the 
fourth  ooltunn  of  the  preceding  table. 
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247.  The  heights  from  which  a  body  falls  are  'proportional  to  ike 
squares  of  the  times  of  the  fall. — It  is  evident  that  these  nuaiberB, 
whioh  express  the  heights  &Toiigh  which  tb,e  bodies  fell  in  any  num- 
ber of  seconds,  counted  from  the  commence ment  of  the  motion,  are 
the  squttres  of  the  numbers  of  seconds;  and  hence  we  have  the  fol- 
lowing general  principle ; — 

Wlien  a  body  is  moved  by  a  uniformly  accelerating  force,  sucJi  as 
gravity,  the  spaces  through  which  it  moves,  counted  from  Ute  com- 
mencement of  the  motion,  viili  be  proportional  to  the  squares  of  the 
times,  and  the  spaces  through  which  it  moves  in  equal  intervals  of 
time  will  be  as  the  odd  numbers. 

These  rules,  which  are  of  the  high^t  importance,  may  he  conve- 
niently reduced  to  arithmetical  symbols.  Let  us  espress  by  g  the 
space  through  which  a  body,  urged  by  a  uniformly  acoeleratjcg  force 
from  a  state  of  rest,  would  move  in  one  second,  a  space  which,  in  the 
case  of  gravity,  is  16ft.  lin.,  or  193  inohes.  Thus  it  is  evident, 
from  what  has  been  stat^id,  that  we  shall  find  the  space  which  the 
body  would  move  through  in  any  given  number  of  seconds,  counted 
from  tie  commencement  of  its  motion,  by  multiplying  g  by  the 
square  of  this  number  of  seconds. 

248.  Formula  expressing  the  Jieights,  velocities,  and  tiTites.  — 
Hence,  in  general,  if  I  express  the  number  of  seconds  during  which 
the  body  has  been  moving  from  a  state  of  rest,  t^  X  g  will  express 
the  entii'e  space  through  which  the  body  has  moved  in  the  number 
of  seconds  expressed  by  1.  If  this  space,  then,  be  expressed  by  h, 
we  shall  have 

In  like  manner,  since  it  has  been  established  that  the  velocity 
which  is  gained  in  falling  during  one  second,  is  such,  that  in  each 
second  the  body  would  with  that  velocity  move  through  a  space  equal 
to  twice  that  through  which  it  had  fallen,  it  follows,  fiat  the  velocity 
acquired  in  one  second  is  2  g' ,-  in  other  words,  it  is  such,  that  a  body 
moving  with  that  uniform  velocity  would  move  through  a  space  ex- 
pressed by  2  §■  in  each  second. 

But  it  has  also  been  shown,  that  the  velocity  augments  in  propor- 
tion to  the  time,  and  that  the  velocity  ii^  two,  three,  four,  and  five 
seconds  is  two,  three,  four,  and  five  times  the  velocity  in  one  se- 
cond. To  find,  therefore,  the  velocity  acquired  in  any  number 
of  seconds,  we  shall  only  have  to  multiply  2  §■  by  that  number 
of  seconds.  If,  then,  t  express  the  number  of  seconds  during  which 
the  body  has  been  falling,  and  v  the  velocity  which  it  has  gained  la 
the  time  T,  we  shall  have 

V  =  2  T  X  §■. 

The  two  preceding  formulse  include  the  whole  theory  of  felling 
bodies  in  vamio.     from  these  may  be  deduced  the  following  formula. 
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hy  wliioli  tte  velocity  whiuli  is  ac<;|iiired  in  falling  through,  any  given 
liuight  is  known  ;  — 

or,  ¥  =  2^/0  X  g. 
This  formula,  espressed  in  ordinary  language,  is  aa  follows ; — 

KlILB    TO    CALCULATE    TOE   VEtOCITT    ACQUIRED    IN    FALLINO 

THaouoH  ANY  OIVEN  HEIGHT.  — MuUiplt/  the  height  expressed  in 
feet  by  16^,  extract  the  square  root  of  the  .product,  and  multiply 
the  result  hy  two. 

It  remains  now  to  show,  that  by  Attwood'a  machine  the  numhera 
given  in  the  third  column  of  the  preceding  table  may  be  Yerified; 
thitt  is  to  aay,  to  demonstrate,  by  direct  experiment,  that  the  velocity 
imparted  to  the  body  in  ita  descent  inoreasea  in  the  direct  proportion 
of  the  time  of  tiie  fall. 

To  accomplish  this,  the  following  arrangeraenta  aro  nia^e.  The 
preponderating  weight  used  to  produce  the  descent  of  W  haa  the  form 
of  a  loHg  narrow  bar  i>  (^.  38.),  whiolx  ia  laid  across  the  upper  sur- 
face of  the  cylindrical  weight  w.  A  ring  e,  long  enoagh  to  aUow  the 
weight  w  to  pass  through  it,  but  not  long  enough  to  allow  the  bar 
resting  on  this  weight  to  paaa,  ia  attached  to  the  scale  at  the  diviaion 
marked  1.  If  tho  weight  be  now  brought  to  sueh  a  position  that  ita 
upper  surface  shall  coincide  with  the  zero  of  fie  scale,  and  if  it  be  let 
fall  at  a  moment  corresponding  with  one  beat  of  the  pendulum,  ita 
opper  surface  will  arrive  at  the  ring  E  at  the  moment  of  the  next 
lieat,  and  the  ring  which  allows  the  weight  w  to  pass  freely  through 
will  catch  the  bar,  which  will  rest  upon  it.  After  the  top  of  the 
weight,  therefore,  has  passed  the  ring,  the  weight  w  being  reheved 
from  the  bar,  by  whose  preponderance  its  motion  was  accelerated,  will 
continue  to  move  downwards  without  further  acceleration,  with  the 
velocity  it  had  acquired  at  the  end  of  the  first  second,  such  velocity 
being  now  continued  uniform.  If,  then,  the  descent  of  this  weight 
uniformly  downwards  be  compared  with  the  beats  of  the  pendulum, 
it  will  he  found  to  move  uniformly  at  the  rate  of  two  inches  per 
second. 

Thus,  we  infer,  first,  that  the  velocity  impai-ted  at  the  end  of  the 
first  second  is  such  m  to  make  the  weight  w  move  uniformly  in  one 
second  double  the  space  through  which  it  has  fallen,  and-  that  auch 
velocity  is  at  the  rate  of  two  inches  per  second. 

Let  the  ring  be  now  moved  to  the  fourth  division  of  the  scale,  and 
the  bar  bwng  put  upon  the  weight  w,  let  the  experiment  be  repeated. 
It  will  be  found  that  at  the  end  of  two  seconds  the  bar  will  strike 
the  ring  and  the  weight  will  pass  below  it,  moving  with  a  uniform 
velocity;  and  by  comparing  its  motion  along  the  scale  with  the  beats 
of  the  pendulum,  it  will  be  found  that  this  velocity  is  at  the  rate  of 
four  inches  per  second 
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Again,  let  the  poaitioa  of  the  ring  he  fixei  at  the  ninth  division 
of  the  scale,  and  replacing  the  bar,  let  the  esperiment  bo  once  more 
repeated.  It  ^ill  be  found  that  the  bar  will  strike  the  ring  at  the 
end  of  the  tiird  second,  aiid  that  the  weight  ^v,  when  disengaged 
from  tlie  bar,  will  continue  to  descend  with  the  uniform  yelocitj  of 
six  ittches  per  second. 

The  same  experiment  may  be  repeated  for  as  many  seconds  aa  the 
height  of  the  scale  may  admit,  and  lilce  results  will  be  obtained. 

We  may  thus  obtain  a  complete  verificatdon  of  the  numbers  con- 
tained in  the  third  eoiumn  of  the  preceding  table. 

249.  Calculation  of  the  height  from  which  a  body  falls  in  one 
second. — IVom  these  expci'iments  we  are  enabled  to  calculate  the 
height  through  which  a  body  would  fall  in  one  second  of  time  by 
the  effect  of  the  force  of  gravity,  and  independently  of  any  iufiuenee 
from  the  resistance  of  the  air. 

It  appears  from  what  has  been  stated,  tliat  when  the  magnitude 
of  the  weights  w',  w,  and  to  was  so  adjusted  that  the  height  of  the 
descent  was  193  times  less  than  the  height  with  which  w  would  fiill 
freely,  the  height  through  which  it  fell  was  one  inch.  It  conse- 
quently follows,  that  if  w  were  submitted  to  the  unimpeded  action 
of  gravity,  it  would  fall  through  193  inches,  or  16  ft.  1  in.,  in  the 
first  second. 

250.  Method  of  calculating  all  the  dratmstances  of  the  descent 
of  a  falling  body. — The  table  at  page  113,  compared  with  this  re- 
sult, will  show  all  the  circumstances  attending  the  descent  of  bodies 
falling  freely;  16  ft.  1  in.  being  the  unit  of  the  table.  Thus,  if  we 
desire  to  ascertain  the  height  from  which  a  body  would  fall  in  five 
seconds,  we  take  the  number  in  the  fourth  column  of  the  table  oppo- 
site 5  seconds,  which  is  25,  and  multiply  it  by  16  ft.  1  in.,  the  pro- 
duct, which  is  402  ft.  1  in.,  will  be  the  height  required. 

In  the  same  manner,  if  it  be  required  to  determine  what  space  a 
falling  body  would  descend  through  in  the  fifth  second  of  its  motion, 
we  taie,  in  the  second  column  of  the  table,  the  number  opposite  5 
seconds,  which  is  9 ;  we  multiply  16  ft.  1  in,  by  this  number,  and 
find  the  product,  which  is  144  ft.  9  in.,  which  is  the  space  required. 

In  like  manner,  if  it  be  required  to  determine  with  what  velocity 
a  body  would  strike  the  ground  after  falling  during  an  interval  of 
five  seconds,  we  take  the  number  in  the  third  eoiumn  of  the  table 
opposite  5  seconds,  which  we  find  to  be  10,  and  we  multiply  16  ft.  1 
in.  by  this  cumber.  The  product,  which  is  160  ft.  10  in.,  will  be 
the  velocity  required;  and  we  infer  that  the  body  thus  falling  would 
have,  when  it  strikes  the  ground  a  velocity  of  160  ft.  10  in.  per 
second. 

It  will  be  observed  that  the  numle  s  n  the  fi  t  eoiumn  of  the 
table  now  referred  to,  and  wh  ch  esj  =3  the  t  me  of  the  fall,  are 
the  square  roots  of  the  numbo  s  m  the  f  uith  column  which  express 
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the  heiglit  from  wliieh  tte  body  falls.     "We  haYe  therefore  this  gene- 
ral principle  of  uniformly  accelerated  motion. 

When  a  body  is  moved  by  a  uniformly  accelerating  force,  the 
times  required  to  move  through  any  given  space  are  proportional  to 
the  square  roots  of  those  spaces. 

By  the  aid  of  this  rule,  and  the  results  already  ohfaiaed,  we  are 
enabled  to  ascertain  the  time  which  a  body  would  take  to  fall  from 
any  gi^en  height.  Thug,  if  a  body  be  supposed  ta  fall  from  a  height 
of  10,000  feet :  Find  the  number  of  times  which  16  ft.  1  in.  ara 
contained  in  10,000  feet,  which  is  done  by  dividing  10,000  by  16  ('j. 
The  quotient  is  621-76. 

This  cumber  is  then  the  square  of  the  number  of  seconds  in  the 
time  of  tie  fall.  The  square  root  of  this  obtained  from  a  table  of 
square  roots  being  24-9,  we  infer  that  the  time  a  body  would  take  to 
fell  thi-ough  tte  height  of  10,000  feet  is  24-9  seconds. 

In  the  same  manner  it  follows,  that  since  the  velocity  acquired  by 
a  body  in  its  fall  is  proportional  to  the  time  of  the  fall,  and  since  the 
lime  of  the  fall  itaelf  is  proportional  to  the  square  root  of  the  height, 
the  velocity  acquired  must,  also  be  proportional  to  the  square  root  of 
the  height. 

If  we  would,' therefore,  determine  the  velocity  or  force  with  which 
R  body  falling  from  a  given  height  would  strike  the  ground,  inde- 
pendently of  the  effect  of  the  resistance  of  the  air,  we  are  enabled 
to  do  so  by  these  principles. 

Thus,  let  it  be  required  to  determine  the  force  with  which  a  body 
felhng  from  the  height  of  10,000  feet  would  strike  the  ground.  It 
has  been  just  shown  that  the  time  of  the  fall  woiJd  be  24-9  seconds, 
and  it  has  been  already  demonstrated  that  the  velocity  acquired  by 
the  body  would  move  it  uniformly  over  a  space  equal  to  double  the 
height  through  ^hich  it  fells,  and  in  the  same  time.  Therefore,  the 
velocity  in  this  case  would  be  such  that  in  24-9  the  body  would  move 
through  20,000  feet ;  and  consequently,  by  dividing  20,000  by  24-9, 
we  shall  obtain  the  velocity  in  feet  per  second,  which  appears,  thei-e- 
fore,  to  be  803-2  feet  per  second. 

251.  Force  with  which  a  body  falls  is  as  the  square  root  of  the 
height  — It  appears,  therefore,  that  the  velocity  or  force  with  which 
a  falling  body  strikes  the  ground  inoreases  in  a  much  less  proportion 
than  the  height  froia  which  it  falls.  If  the  height  be  augmented  in 
a  fourfold  proportion,  the  force  of  the  fall  will  only  be  augmented  ia 
a  twofold,  proportion ;  and  if  the  height  be  augmented  in  a  ninefold 
proportion,  the  force  of  the  fall  will  only  be  augmented  in  a  threefold 
proportioB ;  and  so  on. 

252  Why  a  fall  from  great  heights  is  not  so  destructive  as  might 
be  expected.  —  This  explains  a  fact  of  not  unfrequent  occurrence,  and 
whioh  sometimes  produces  surprise. 

Persona  sometimes  fall  or  leap  from  such  heights  as  would  seem 
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to  render  their  destructioa  inevitable,  yet  they  are  frequently  found 
to  escape  without  considerable  injury.  This  ia  explained  by  the  fact 
that  the  momentum,  or  shock  produced  by  the  fell,  increMos  in  a 
propoi-tion  so  very  much  leaa  than  the  height.  A  man  caa  leap  from 
a  lieight  of  five  feet  with  perfect  impunity ;  if,  however,  he  leap  from 
a  height  of  ten  feet,  the  force  with  which  he  will  stoke  the  ground, 
instead  of  being  doubled,  will  be  increased  in  a  proportion  less  than 
one  half;  and  if  he  leap  from  a  height  of  twenty  feet,  the  force  with 
which  he  strikes  the  gi-ound  will  be  only  doubled. 

253.  Case  of  a  person  foMing  down  a  coal-pit.  —  A  farther  miti- 
gation of  the  shock  produced  by  a  fall  arises  from  the  resistance  of 
the  air,  which  further  diminishes  the  velocity  acquired.  A  case  oc- 
curred some  years  ago,  in  which  a  boy,  dressed  in  a  smock  frock, 
accidentally  fell  down  the  abaft  of  a  coal-pit  having  a  depth  of  nearly 
100  feet.  It  was  expected  that  he  would  have  been  found  dead  at 
the  bottom.  On  searching,  however,  he  was  found  there  almost  un- 
injured. It  is  probable,  that  in  this  ease,  the  frock  he  wore  afibrded 
a  resistance  to  the  air,  somewhat  resembling  a  parachute,  which, 
combined  with  the  principle  already  explained,  that  the  velocity  aug- 
monts  in  a  verymuch  less  proportion  than  the  height,  explwned  his 
safety, 

254.  lietarded  motion  of  hodies  preceded  upuiards.  —  All  the 
circumstances  attending  the  accelerated  descent  of  falling  bodies, 
which  have  been  esplained  ia  the  present  chapter,  are  exhibited  in  a 
reversed  order  when  a  body  is  projected  upwanls.  Gravity  then  aets 
as  a  uniformly  mtarding,  instead  of  uniformly  accelerating  force,  de- 
priving the  body  so  projected  of  equal  quantities  of  velocity  in  equal 
times ;  and  futtiier,  it  is  apparent  that  the  velocities  which  the  force 
of  gravity  thus  destroys  in  a  body  projected  upwards  in  any  given 
time  are  exactly  equal  to  those  which  it  would  mipart  to  a  bc3y  in 
tlie  same  time  when  falhog  freely. 

Thus,  if  a  body  be  projected  vertically  upwards  with  the  velocity 
which  it  would  acquire  in  falling  freely  during  one  second,  the  body 
so  projected  will  rise  exactiy  to  the  height  from  which  it  would  have 
fallen  in  one  second,  and  at  any  point  of  its  ascent  it  wUI  have  the 
velocity  which  it  would  have  at  the  same  point  if  it  had  descended. 

To  determine,  therefore,  the  height  to  which  a  body  will  rise  pro- 
jected upwards  with  a  given  velocity,  it  is  only  necessary  to  deter- 
mine the  height  from  which  a  body  would  fell  to  acquire  the  same 
velocity. 

In  like  manner,  to  determine  the  time  which  a  body  would  take 
to  rise  to  a  certain  height  when  projected  upwards,  it  is  only  neces- 
sary to  determine  the  time  which  a  body  would  take  to  fall  freely 
from  the  same  height. 

255.  Motion  down  an  inclined  plane.  —  A  plane  and  hard  sur- 
face, which  is  neither  in  the  vei^tical  nor  hoiizontal  position,  ia  called 
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an  JDclined  plane.  In  fig.  39.,  if 
tlie  liQe  w  o  be  vertical,  then  w  M 
will  represent  an  inclined  plane. 

Bodies  which  descend  upon  iu- 
cliaecE  planes  move  with  a  uniformly 
accelerating  force  similar  to  that  of 
gravity,  omitting,  aa  usual,  the  ooa- 
sidcration  of  friction,  and  the  resist- 
ance of  the  air. 

Let  w  bp  a  bodj  placed  upon  the 
inclined  pfane.  The  force  of  gravity 
acta  upon  it  in  the  vertical  direction 
W  0.  Let  this  iiae  W  0,  so  repre- 
senting the  force  of  gravity,  be  con- 
sidered as  the  diagonal  of  a  parallel- 
ogram, of  whioh  w  N  and  w  M  are 
sides ;  the  side  w  h  being  perpendic- 
ular to  "W  M.  The  entire  force  of 
gravity,  therefore,  represented  by  w  o, 
and  acting  on  the  body  w,  will,  by 
the  principle  of  composition  of 
3p  dbyh  fhp 

Ju        N    b  p  -p    d     1^         h 

ad    sh  I        ts  If  ni     ly    n  p 
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body  would  fall  n  h    . 


h        h  wh   h  a  t  ly  w  uld  fall  lly 

I  will  be  the  distance  through  which  the 
se    nd  on  the  inclined  plane, 
h      by  taking  w  0  equal  to  193  inches, 
the  distance  w  iv  will  1  11    that  down  which  the  body  W,  in- 

dependently of  f        n  i      w    Id  Ml  in  the  first  second. 

If  it  be  desire  1  asc  n  h  force  with  whioh  the  body  W  presses 
on  the  inclined  \\  a  1  W  0  be  taken  so  as  to  consist  of  aa  many 
inches  aa  there  a     po     1     n    h    weight  W. 

Then  w  n  will  consist  of  as  many  inches  as  there  are  pounds  in 
the  pressure  which  w  exerts  on  the  plane. 

256.  Motion  on  inclined  plam  uniformly  accelerated.  —  The  mo- 
tion down  an  inclined  plane,  therefore,  being  uniformly  accelerated, 
like  gravity,  but  only  mitigated  in  its  intensity  in  a  certain  ratio,  de- 
pending on  the  inclination  of  the  plane,  all  the  circumstances  which 
nave  been  already  explained  iu  reference  to  the  accelerated  motioa 
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of  bodies  falling  freely,  will  be  similarly  exhibited  in  the  motion  down 
an  inclined  plane. 

Lot  w  M  {jig.  40.)  be  an  inclined  plane,  and  w  o  tie  vertioal  line, 
and  let  us  suppose  two  bodies  dismissed  at  the  same  moment  fromw, 
one  falling  down  the  yei'tical  line  w  o,  and  the  other  down  the  line 
w  M,  Let  I,  II,  III,  IV,  V,  be  the  points  npon  the  vertical  line  W  0,  at 
which  the  body  is  found  at  the  end  of  one,  two,  tiree,  four,  and  five 
Beooads, 

If  from  these  pomts  lines  be  drawn  perpen- 
dicular to  w  M,  the  points  i',  ii',  III',  iv',  y', 
where  those  perpendiculars  will  meet  the  in- 
dincd  plane,  will  be  those  at  which  the  body 
falling  down  snch  inclined  plane  will  be  found 
at  the  same  epochs;  that  is  to  say,  at  -the  end 
of  the  first  second  the  one  body  will  be  found 
at  I  and  the  other  at  i',  at  the  end  of  the  se- 
cond second  the  bodies  will  bo  found  respect- 
ively at  II  and  ii',  at  the  end  of  the  third  se- 
cond at  III  and  ill',  and  so  on. 

The  force  down  the  inclined  plane  is  just  so 
much  less  in  intensity  than  the  force  of  gra- 
vity, as  the  spaces  W  l',  W  ll',  W  ni',  Sw.  are 
respectively  less  than  w  I,  w  ii,  W  ill,  &c. 
'  Consequently,  it  is  evident  that  these  spaces, 
being  in  the  proportion  of  the  forces,  'will  be 
^  described  in  the  same  time,  as,  indeed,  has 
been  already  proved. 

In  this  manner,  therefore,  the  eircumstauoes 
of  the  motion  down  an  inclined  plane  may 
always  be  determined  with   reference  to  the 
Fig-  40.  circumstances  of  the  motion  down  a  vertical  line, 

bo  desired  to  ascertain  the  points  at  which  a  body  falling 
1  inclined  plane  will  acquire  the  same  velocities  which  it  ac- 
quired in  one  or  more  seconds  in  falling  freely  in  the  vertical  direc- 
tion, it  13  only  necessary  to  consider  that  the  more  feeble  force  down 
the  plane  requires  a  proportionally  greater  space  to  produce  a  given 
velocity.  If,  then,  w  M  and  W  o  {fig.  41.)  represent,  as  before,  on 
inclined  plane  and  a  vertical  lino,  and  if,  as  before,  I,  ii,  ill,  iv,  V 
repr^ent  the  points  at  which  the  body,  felling  verticaJly,  would  be 
found  at  the  end  of  one,  two,  three,  four,  and  five  seconds,  then  the 
points  on  the  plane  where  the  same  velocity  would  be  atttuned  as  the 
body  had  at  the  points,  i,  ii,  iil,  iv,  and  v,  will  be  determined  by 
drawing  lines  from  the  points  I  ii  in  rv  anl  i  reipeotively  in  the 
horizontal  direction  because  J^y  these  mean  the  lice  wv  on  the 
plane  will  be  just  so  much  longei  than  the  hne  W I  as  the  force  of 
gravity,  acting  freely  is  more  intense  than  the  force  down  the  in- 
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clined  piano ;  coEsequentlj,  tLc  velocity 
■whicli  will  te  acquired  at  V  on  the  plane, 
will  tie  tlie  saiae  as  the  Telocity  acquired 
at  I  in  falling  freely. 

In  tUe  same  manner,  it  will  appear  that 
the  velocities  acquired  on  the  plane  at  the 
points  v',  v",  v"',  v"",  will  be  the  same 
as  the  velocities  acquired  in  falling  freely 
at  the  points  ii,  iii,  iv,  and  v. 

257.  TIte  motion  of  -pTiyectiles. — We 
have  considered  the  case  where  a  hodj, 
acted  on  freely  by  the  force  of  gravity,  is 
either  allowed  to  fall  vertically  downwards, 
or  is  projected  vertically  upwards.  We 
shall  now  consider  the  other  cases,  in 
which  a  body  is  projected  in  any  other 
direction,  not  vertical,  and  then  abandoned 
to  the  action  of  gravity, — a  problem  which 
forms  the  foundation  of  the  doctrine  of 


The  solution  of  this  problem  follows 
immediately  from  the  principles  which 
'  determine  the  motion  of  a  body  feilling 
Fig.  41,  freely,  as  expliuned  in  the  present  chap- 

ter, and  the  composition  of  motion. 

258.  Case  of  a  projectile  shot  horixonialli/. — Let  us  fii-st  take  the 
case  in  which  a  body  w  (fg.  42.),  as,  for  instance,  a  hall  shot  from 
a  cannon,  is  projected  in  the  horizontal  direction  w  m. 

If  the  force  of  gravity  did  not  act  on  it,  it  would  move  forwards 
towards  m  with  the  velocity  of  projection  continued  uniform,  and,  m 
virtue  of  such  motion,  would  pass  over  equal  spaces  in  equal  times. 
Thus  if,  by  the  velocity  of  projection,  the  body  would  move  from  w 
to  x'  in  the  first  second,  it  would  move  from  i'  to  ii'  in  the  nest 
second,  from  ll'  to  iii'  in  the  following  second,  and  so  on,  these  suc- 
cessive spaces  being  equal. 

But  if,  on  the  other  hand,  the  body,  without  being  projected  at 
all,  were  disengaged  at  W,  and  left  to  tiie  action  of  gravity  alone,  it 
would,  as  has  Deen  already  explained,  descend  vertically,  and  would 
bo  found  at  the  points  i,  ii,  iii,  iv,  V  at  the  end  of  the  successive 
seconds,  the  distance  being,  as  already  explained,  repi'esented  by  the 
numbers  1,  4,  9,  &c. 

Now,  the  body  leaving  w,  being  submitted  to  both  these  forces 
simultaneously,  will,  by  the  composition  of  motion,  be  found  at  the 
end  of  each  successive  second  at  the  extremity  of  the  diagonal  of 
a  parallelogram  whose  sides  represent  these  motions.  Thus,  at  the 
end  of  the  first  second,  the  body  will  be  found  at  the  point  1,  being 
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tte  extremity  of  the  diagonal  of  a  parallelogram  whoso  sides  are  tlie 
space  w  i',  through  which  the  body  would  move  in  virtue  of  the 
Telocity  of  progression,  and  w  i  the  space  through  ■which  it  would 
foil  freely  m  the  same  time  by  gravity.  If  the  force  of  gravity 
would  have  made  it  move  over  w  i  with  a  uniform  motion,  then  the 
body,  in  moTing  from  w,  would  follow  exactly  the  diagonal  of  the 
parallelogram.  But  the  force  of  gravity  imparting  to  the  body  not 
a  uniform,  hut  an  accelerated  motion,  first  very  slow  and  then  more 
rapid,  the  body  will  pass  from  w  to  1,  not  by  a  strict  diagonal  course, 
but  by  a  curved  line,  as  represented  in  t]ie  figute. 

In  the  same  manner,  at  the  end  of  two  seconds,  the  body  will  be 
found  at  2.  But  it  is  actuated  at  the  same  time  by  two  motions; 
first,  the  projectile  motion,  which,  acting  alone  upon  it,  would  carry 
it  uniformly  from  w  to  ii' ;  and,  secondly,  the  force  of  gravity,  which, 
acting  alono  upon  it,  would  cause  it  to  fell  from  w  to  n.  At  the 
end  of  two  seconds  it  will  therefore  be  found  at  the  point  2,  being 
the  estremity  of  the  diagonal. 

But,  as  before,  the  motion  from  W  to  li  not  being  unifoi-m  but 
accelerated,  first  slow  but  afterwards  more  rapid,  the  body  will  pass 
from  w  to  2,  not  along  the  diagonal,  but  over  the  curved  line  repre- 
sented iu  the  figure. 

The  same  explanation  will  be  applicable  to  its  remaining  course, 
and  it  will  follow  that  the  body  will  pursue  the  curved  course  from 
W  to  5  in  five  seconds,  in  consequence  of  the  combination  of  the 
projectile  velocity  imparted  to  it,  and  represented  by  wv',  combined 
with  the  descending  motion  imparted  to  it  by  gravity,  and  represented 
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fov  simplicity,  the  Itoiiy  to  be  projeote  1  m  tin,  1  urizontal  ilue(,tion; 
but  the  same  prmciples  will  esplain  its  motaon,  if  pitjected  in  an 
oblique  directioHj  sach  as  w  M  (^fig-  43  ) 

I /M  As  beforL,  let  the  ■tpace  whioli 
^■^  the  body  would  mo\e  oyer  m  one 
Beoond,  in  virtue  of  the  piojeoldle 
force  alone,  gravity  being  supposed 
not  to  act  upon  it,  be  wi'.  It 
would  move  over  the  equal  spaces 
mai-lied  I',  ii',  Hi',  rv',  V,  in  the 
successive  seconds. 

On  the  other  hand,  suppose  the 
body  to  be  acted  on  by  gravity 
alone,  independently  of  the  projec- 
tile force.  It  would  then,  as  bo- 
fore,  moving  ia  the  vertical  line 
W  0,  be  found  at  the  end  of  the 
successive  seconds  at  the  points  i, 
ir,  HI,  IV,  V. 

Kow,  by  the  principle  of  the 
composition  of  motion,  the  body 
will  actually  be  found,  in  conse- 
quence of  the  simultaneous  efieofa 
of  the  two  motions  imparted  to  it 
by  gravity,  and  by  the  projectile 
force,  at  the  end  of  the  successive 
seconds,  at  the  points  1,  2,  3,  4,  5, 
which  are  the  extremities  of  the 
Fig,  43.  diagonals  of  parallelograms,  whose 

sides  are  respectively  the  spaces 
which  the  body  would  describe  in  virtue,  of  the  projectile  force,  and 
of  gravity  acting  separately.  The  course  of  the  body  will  be  the 
curved  line  reprweated  ia  the  figure,  and  not  the  straight  diagonal, 
for  the  reasons  already  explcuned, 

260.  Pryectiles  move  in  parabolic  curves. — The  path  whbh  the 
projectile  follows  in  this  case  is  a  curve,,, known  in  geometry  as  the 
parabola,  the  property  of  which  is,  that  the  sides  of  the  parallelo- 
gram, whose  diagonal  determines  ite  successive  pointe,  are  related  to 
each  other  aa  the  successive  whole  numbers  1,  2,  3,  4,  &c.,  and  their 
squares  1,  4,  9,  16,  &c. 

261,  Tliese  conclusions  modified  by  resistance  of  the  air. — It 
must,  however,  we  repeat,  be  remembered,  that  these  conclusions  rest 
upon  the  supposition,  that  the  body  moves  in  a  medium  which  offers 
no  resistance  to  it,  aiid  which  does  not  deprive  it  of  any  of  tlie  force 
imparted  to  it  by  projection  or  by  gravity. 

In  the  actual  :*ase,  however,  of  all  projectiles,  the  motion  takes 
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place  tlirougli  tlie  atmosphere,  ivliich  is  a  resisting  medium,  and, 
moreover,  one  of  wliich  the  resistance  varies,  increasing  in  a  certain 
high  proportion  with  the  velocity.  The  re^  path,  therefore,  of  pro- 
jectiles differs  more  or  less  from  the  parabola  explained  above.  The 
deviatiou  is  not  very  coBsiderable  when  the  velocity  of  the  moving 
hody  ia  not  great ;  hut  when  the  projectile  is  driven  with  great 
velocity,  as  in  the  practice  of  gunnery,  then  the  deviation  from  the 
paraholio  path  is  80  considerahlc,  that  the  above  theory  hecomea  al- 
together inapplicable. 


CENTRE   OF   GKAVITY. 

262.  Weight  of  a  body  is  ike  aggr,egate  of  tie  weights  of  its 
molecules. — If  a  body  he  prevented  from  moving  in  obedience  to  the 
force  of  gravity  by  a  fised  asia  pas^ng  through  it,  a  fiaed  point  from 
which  it  is  suspended,  or  a  surface  placed  beneath  it,  the  effect  of 
gravity  upon  it  will  be  manifested  by  a  pressure  produced  upon  such 
axis,  point  of  suspension,  or  suriaee. 
This  preasure  is  called  the  weight  of  the  body. 
As  gravity  aots  separately  upon  all  the  component  particles  of  a 
body,  the  waght  of  such  body  is  composed  of  the  aggregate  of  the 
weights  of  all  its  particles.  This,  which  ia  manifest  from  what  haa 
been  already  explained,  may  be  rendered  stiU  more  dear,  from  con- 
sidering that  if  a  body  be  divided  into  parts,  no  matter  how  minute 
and  nnmerous,  each  of  these  parts  will  have  a  certain  weight,  and 
the  aggregate  amount  of  their  several  weights  will  be  exactly  eq^ual 
to  the  weight  of  the  body  of  which  they  are  the  fragments. 

Such  a  diviaion  may  be  carried  to  the  moat  extreme  practical  limit 
of  comminution  by  pounding,  gnndmg,  filing,  and  other  processes 
known  in  the  arta,  and  the  weight  will  still  be  divided  aa  the  matter 
is  divided;  nor  is  it  possible,  even  m  jmagmation,  to  oonceive  any 
degree  of  coniminution  so  great  that  the  same  principle  will  not  pre- 
vail; and  it  may  therefore  bo  consideied  as  estabhshed,  that  every 
individual  atom  which  composes  a  body  has  weight,  and  that  the 
weight  of  the  mass  is  the  sum  of  the  weights  of  ail  its  eonslituent 
atoms  or  molecules. 

263.  Effect  of  cohesion  on  the  gravitf  of  tlie  molecules.  — If  the 
particles  composing  a  body  had  no  mutual  coherence  or  other  mecha- 
nical connection  having  a  tendency  to  retain  them  in  juxtaposition, 
each  particle  would  obey  the  force  of  its  gravity  independently  of  the 
others,  and  they  would  fall  asunder  like  a  mass  of  sand.  But  if  they 
be  so  connected  by  their  mutual  cohesion,  as  they  are  in  fact  in  iJI 
127 
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Bolid  bodies,  this  cohesion  will  resist  the  tendency  of  their  weights  to 
separate  them;  thej  will  maintain  their  justaposition,  the  body  will 
retdn  its  form,  and  the  several  forces  witk  which  gravity  aifeots  them 
will  beeome  compounded,  so  as  to  produce  a  single  force  or  pre^ure, 
which  ia  the  resultant  of  all  the  separate  forces  impressed  upoa  the 
particles. 

264.  Rssultant  of  the  gravitating  forces  of  the  molecules.  —  As 
this  resultant  eaters  as  a  condition  into  every  meohaoical  question 
aifacting  bodies,  it  is  of  the  greatest  importance  to  investigate  the 
conditions  by  which  in  every  case  its  intensity  and  the  line  of  its 
direction  may  be  determined. 

It  has  been  already  shown  that  the  weights  of  all  the  j 
composing  a  body  act  in  directions  parallel  to  a  plumb-line,  ( 
pendicular  to  a  level  surlace.  Bat  it  has  been  also  demonstrated 
(158,)  that  when  any  number  of  forces  act  in  the  same  direction  in 
paraDel  lines,  their  resultant  is  a  force  acting  in  a  line  parallel  to 
them,  and  in  the  same  direction  in  this  line,  and  that  its  intensity  or 
quantity  is  equal  to  the  sum  of  these  forces. 

The  resultant,  therefore,  of  the  forces  of  gravity  affecting  all  the 

particles  of  any  ma^  of  matter,  is  a  single  force  acting  vertically 

downwards,  which  is  equal  to  the  sum  of  all  the  forces  affecting  tha 

particles  Severally,  and  therefore  equal  to  the  weight  of  the  mass. 

If,  for  example,  AB,fg.  44.,  represent  a  mass  of  matter,  and  the 

small  aiTows  pointing  vertically  downwards  represent 

the  direction  of  the  gravitating  forces  of  the  particles 

composing  such  mass,  then  it  follows,  from  what  haa 

been  explained,  that  the  resultant  of  all  these  forces, 

or  a  single  force  equal  to  them,  will  all  have  a  direction 

a  parallel  to  them,  snoh  as  D  E,  and  will,  in  its  inten^ty, 

')e  eqnal  to  their  sura. 

But  this  is  not  yet  sufficient  to  indicate  this  resul- 
,   tant  in  a  definite  manner.     We  as  yet  only  know  that 
its  direction  is  parallel  to  the  common  direction  of  the 
gravity  of  the  particles;  but  innumerable  lines  may  be 
FiE  44       imagined  passing  throngh  the  body  vertically  down- 
wards, and  the  question  still  remains  to  be  determined 
which  of  these  lines  is  the  direction  of  the  resultant. 

When  the  body  in  question  has  a  determinate  form  and  a  imiffjrm 
density,  or  even  a  density  varying  according  to  some  known  condi- 
tions, the  principles  of  mathematical  science  supply  methods  by  which 
the  lino  of  direction  of  the  resultant  may  be  determined;  but  we 
shall  here  adopt  a  more  simple  and  generally  intelligible  method  of 

If  we  suppose  the  line  represented  by  the  great  arrow  D  E  (fg-  44.) 
to  be  that  of  the  resultant,  tiien  it  is  evident  that  if  any  point  such 
as  0  in  that  line  be  supported,  the  body  will  remain  at  rest,  because 
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the  reaultant  of  all  the  forces  acting  upon  the  body  having  the  direc- 
tion D  E  will  he  expended  in  preasui-e  on  the  fixed  point  C.  The 
effect,  therefore,  will  be  that  the  whole  weight  of  the  body  will  presa 
upon  c,  and  the  body  wUl  remain  at  rest. 

The  same  would  be  true  for  any  point  whatever  in  the  direction  of 
the  great  arrow.  If,  for  example,  D  were  a  pin  from  which  a  thread 
was  suspended,  and  that  this  thread  were  attached  to  the  body  at  any 
point  in  the  line  d  o,  then  the  body  would  still  remain  at  rest,  the 
whole  weight  being  expanded  in  pressure  upon  the  pin  at  D ;  for,  as 
before,  the  resultant  of  all  the  forces  of  gravity  acting  upon  the  com- 
ponent pai-ticles  of  the  body,  would  have  the  direction  D  B,  and  would 
therefore  be  supported  by  the  fixed  pin  at  D. 

But  if  a  point  of  support  be  selected  which  is  not  in  the  direction 
of  the  resultant  d  e,  such  as  P,  and  a  string  be  carried  from  P  to 
any  point  of  the  body,  snoh  as  c,  then  the  body,  although  it  will  not 
bo  permitted  to  descend  vertically,  in  obedience  to  gravity,  will  not 
nevertheless  remfun  at  rest. 

If  we  suppose  the  weight  of  the  body  to  he  expressed  by  the  line 
C  P,  let  this  line  be  taken  as  the  the  diagonal  of  a  parallelogram  whose 
sides  are  o  H  and  0 1,  one  in  the  direction  of  the  cord,  and  the  other 
at  right  angles  with  it,  —  that  portion  of  the  weight  which  is  repre- 
sented by  0  H,  and  which  is  in  the  direction  of  the  string,  will  act 
upon  the  fixed  point  P,  and  prodnce  pressure  upon  it.  The  portion 
of  the  weight  which  acta  in  the  direction  0 1  will  move  the  body  to- 
wards the  vertical  line  v  0,  which  passes  directly  downwards  from  the 
point  of  suspension.  The  body  will  therefore  be^n  to  move  towards 
that  vertical  line.  If  the  body  had  been  on  the  other  side  of  the  ver- 
tical line  P  G,  it  would  still  have  moved  towards  it,  and  therefore  in 
a  direction  contrary  to  its  pesent  motion. 

It  follows,  therefore,  that  if  a  body  be  supported  by  a  fixed  point, 
it  cannot  remain  at  rest  unless  the  resultant  d  e  of  all  the  pai-allel 
forces  which  gravity  impresses  upon  its  particles  pass  through  that 

2S5.  Experimenlal  method  of  determining  the  resultant  of  the 
gravitating  farces  of  the  molecules.  —  We  are  thus  supplied  with  a 
practical  means  of  ascertaining  the  direction  of  the  resultant  of  the 
weights  of  all  the  component  parts  of  a  body  with  reference  to  any 
giveu  point  taken  upon  it,  as  we  have  only  to  suspend  the  body  by  a 
Btring  attached  to  the  ^ven  point,  and  allow  it  to  settle  itself  at  rest. 
"When  thus  at  rest,  the  resultant  of  the  weights  o£  all  its  particles 
will  be  in  the  dircotion  of  the  string  by  which  it  is  suspended. 

If  tiie  same  body  be  suspended  by  different  points  upon  it,  the 
parallel  directions  of  the  gravitating  forces  of  its  particles  will  differ 
iu  reference  to  the  body,  although  they  are  the  same  in  reference  to 
the  direction  of  the  suspending  string,  being  always  parallel  to  it. 

Thus,  for  example,  if  an  egg  be  suspended  with  its  length  vertical, 
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the  parallel  forces  which  gravity  impresses  on  its  particles  will  he 
parallel  to  its  length ;  but  if  it  be  suspended  with  its  length  hori- 
Bontal,  then  the  parallel  directions  of  the  gravity  of  its  particles  will 
he  perpendicular  to  its  length. 

266.  There  is  a  different  remitant  for  every  different  point  of 
suspension.  —  Since  in  each  case  the  reaultant  of  these  parallel  forces 
will  coincide  with  the  direction  of  the  string,  it  mnst  in  the  one  case 
pass  through  the  egg  in  the  direction  of  its  length,  and  in  the  other 
case  in  a  direction  at  right  angles  to  its  length. 

lu  like  maoEer,  the  body  heing  supported  hy  any  point  y 
taken  upon  it,  the  direction  of  me  string  will  he  difieient  for  e 
sueh  point;  and  consequently,  there  will  De  an  jnfimte  \inety  of  re- 
sultants of  the  gravitating  forces  of  the  particles  of  the  hidj,  accord- 
ing to  the  different  points  by  which  it  maj  be  suspended 

Now,  a  question  arises,  whether  there  is  any  relition  between  this 
infinite  variety  of  resultants;  for  if  such  be  not  the  case,  the  deter- 
mination of  the  resultant  of  the  gravitating  foices  of  a  body  would 
be  a  problem  which  would  present  itself  under  an  inftnite  diversity 
of  forms  and  conditions  for  every  individual  body 

257-  till  tliese  resultants  have  a  common  point  of  tntenection.  — 
This  question  may  be  solved  by  a  very  simple  esperiment,  and  its 
solution  is  attended  ■with  a  remarkable  and  important  result. 

Take  a  solid  body  of  any  form,  regular  or  irregular,  and  composed 
of  a  material  which  is  easily  perforated,  without  diminishing  its  mass, 
or  considerably  deran^ng  its  structure.  Take,  for  example,  a  mass 
of  putty  of  any  fonn.  Let  this  mass  be  suspended  by  a  thread  at- 
tached to  a  fixed  point,  which  it  may  easily  be,  if  previously  sur- 
rounded by  a  thread  forming  a  loop.  When  at  rest,  the  resultant  of 
the  forces  of  gravity,  acting  upon  all  ife  particles,  will  be  a  vertical 
line  penetrating  its  dimensions  jn  the  direction  of  the  suspending 
thread.  Take  a  needle,  and  pierce  the  putty  in  this  direction.  Tha 
hole  which  is  thus  made  through  it  will  represent  the  direction  of  the 
resultant  of  the  gravitation  of  its  particles. 

Let  the  mass  he  now  detached  feom  the  thread  of  suspension,  and 
let  it  be  again  suspended,  but  in  a  different  position,  which  may  be 
easily  accomplished  by  the  loops  of  thread  surrounding  it. 

The  mass  will  again  settle  itself  into  a  position  of  rest,  and,  as  be- 
fore the  direction  of  the  resultant  of  all  its  gravitating  particles  will 
be  a  vertical  line  in  the  esa<3t  direction  of  the  suspending  thread. 
Lot  the  putty,  as  before,  be  thoroughly  pierced  in  this  direction  with 
a  needle. 

Let  the  same  experiment  be  repeated  in  three  or  four  other  differ- 
ent positions  of  the  mass,  so  that  we  shall  obtain  several  boles  pierced 
through  the  body  by  the  needle,  representing  the  direction  of  the  re- 
sultant of  the  gra^'itating  forces,  ia  the  several  positions  in  which  tLo 
body  was  suspended, 
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Now  a,  curious  relation  1^111  be  found  fo  exist  between  the  several 
directions  in  wtich  the  neei31e  has  pierced  through  the  putty. 

It  -will  be  found,  in  fact,  that  all  tliese  lines  of  perforation  iuter- 
Bect,  at  a  common  point,  within  the  dimenaiona  of  the  body.  Ihis 
fact  may  be  easily  established. 

Let  a  needle  be  inserted  in  any  one  of  the  perforations,  and  it  will 
be  found  that  another  needle  cannot  pass  through  any  of  them,  for 
its  progrens  will  be  stopped  by  the  needle  already  inserted.  All  the 
perforations,  therefore,  must  intersect  each  other  at  a  common  point 
witliin  tJie  putty. 

It  appeai-s  from  this  esperiment,  that  there  is  a  certain  point, 
within  the  dimensions  of  the  body,  through  which  the  resultant  of 
all  the  gravitating  forces  of  the  particles  of  the  mass  must  pass,  no 
matter  in  what  position  the  body  may  be  placed. 

208.  Another  experimental  proof  of  tttia. — This  result,  which  la 
of  high  importance,  may  be  further  illustrated  and  verified  in  the  fol- 
lowing manner :  — 

Let  a  fiat  thin  plate  of  metal,  or  a  piece  of  card,  of  any  form,  how- 
ever irregular,  be  pierced  with  small  holes,  at  several  points,  so  that 
it  may  be  suspended  upon  a  horizontal  pin,  tiie  plate  itself  being  ver- 
tical. When  so  suspended,  it  can  only  remain  at  rest,  provided  the 
resultant  of  the  gravitating  forces  of  its  particles  pass  through  the 
pin ;  for  otherwise,  as  has  been  already  explained,  the  body  would 
move,  in  one  direction  or  other,  round  the  pin  on  which  it  is  sus- 
pended. 

If  a  plumb-line  be  suspended  from  this  pin,  it  ia  evident  that  when 
the  plate  is  at  rest,  the  direction  of  the  resultant  of  the  gravitating 
tbrces  must  coincide  with  the  direction  of  the  plumb-line.  Let  a  line 
then  be  traced  upon  the  plate  coinciding  with,  the  direction  of  the 
plumb-line. 

Let  the  body  be  then  detached  from  the  pin,  and  let  the  pin  be  in- 
serted in  another  hole.  The  body  will  now  hang  in  another  position, 
the  resultant  of  the  gravitating  forces  of  its  particles  again  coinciding 
with  the  plumb-line.  Let  the  direction  of  the  plumb-line  be  traced 
upon  the  plate  as  before.  In  fine,  let  this  experiment  be  repeated, 
with  all  the  holes  pierced  in  the  plate,  and  it  will  be  found  that  the 
lioes  traced  upon  the  plate,  indicating  the  various  directions  of  the 
resultant,  of  the  gravitating  forces  of  its  particles,  will  intersect  each 
other  at  one  common  point. 

209.  This  ctmtmon  point  of  iniersectien  is  called  the  centre  of 
gravity.  —  This  common  point,  through  which  the  resultants  of  the 
gravity  of  the  particles  of  bodies  pass,  k  called  their  ce»(re  of  gravity. 

A  line  drawn  in  the  vertical  direction,  through  the  centre  of  gra- 
vity of  a  body,  is  called  the  line  of  direction  of  the  centre  of  gravity. 

270.  When  the  centre  of  gravity  is  supported,  the  body  will  re- 
main at  rest.  —  If  the  centre  of  gravity  of  a  body  be  supported  on  a 
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point,  or  asis,  and  tlie  body  Lb  free  to  turn  round  tueli  asi-.,  the  body 
willj  in  that  case,  remain  at  rest  in  aay  positioa  in  which  it  mfiy  bo 
placed;  for,  aeciwding  to  what  has  been  ah'oady  stated,  the  lesultant 
of  the  gravitating  forces  of  all  its  piu'tjclea  must  be  m  the  diiection 
of  a  vertical  line  passing  through  tie  centre  of  gravity,  and  the 
whole  weight  of  the  body  may  be  considered  as  acting  in  that  line. 
But,  if  the  centre  of  gravity  he  suspanded  by  a  pivot,  or  an  axis,  thea 
the  whole  weight  of  the  bodjr  will  press  upon  such  pivot  or  axis,  no 
matter  what  be  the  position  m  which  the  body  b  placed. 

This  may  he  easily  verified  by  esperiment. 

Let  the  centre  of  gravity  of  any  solid  body  be  determined,  by  sus- 
pending it  from  different  points,  in  the  m^ner  explained  above,  and 
let  the  body  be  placed  upon  a  pivot  or  axis,  paasiog  through  this 
point.  It  will  be  found  to  rest  indifibrently  on  eiich  axis  or  pivot,  in 
any  position  in  which  it  may  be  placed. 

This  experiment  may  be  ea^ly  performed  with  a  piece  of  card  or 
pasteboard.  The  centre  of  gravity  biang  determined,  let  a  pia  be 
passed  through  it,  and  it  will  be  found  that  the  card  will  rest  in  any 
position  upon  the  pin. 

271.  When  a  hody  lias  a  regular  JIgure,  its  centre  of  magnitwde 
is  its  centre  of  gravity. — If  a  body,  being  of  uniform  density,  have 
any  regulac  figure,  its  centre  of  gravity  will  coincide  with  its  centre 
of  magnitude,  for  the  matter  composing  the  body  will,  in  such  case, 
be  symmetrically  arranged  round  that  point;  so  that  it  is  self-evident, 
that  if  this  point  be  supported,  the  body  will  have  no  tendency  to 
turn  in  any  direction  round  it. 

272.  Centre  of  gravity  of  a  sphere. — Thus,  for  example,  it  is 
evident,  without  experiment,  that  a  hall  or  sphere  of  uniform  den- 
sity, such  as  a  billiard-ball,  lias  its  centre  of  gravity  at  the  centre  of 
its  magnitude.  In  like  manner,  a  cube  has  ita  centre  of  gravity  at 
the  point  where  straight  lines  joining  its  opposite  comers  would  in- 
tersect each  other ;  that  is  ta  say,  at  its  centre  of  magnitude. 

273.  If  a  body  have  a  symmetrical  axis,  the  centre  of  gravity 
will  he  wpon  it. — If  the  figure  of  a  body  be  such,  that  the  mattw; 
composing  it  is  uniformly  distributed  round  any  line  passing  through 
it,  its  centre  of  gravity  must  lie  in  that  line,  because,  if  it  be  sus- 
pended by  a  string  in  the  direction  of  that  line,  it  will  remain  at 
rest ;  since  the  gravity  of  its  particles,  acting  equally  on  every  side 
of  such  line,  will  have  no  tendency  to  move  it,  it  will  equilibrate. 

Thus,  it  is  evident  that  the  centre  of  gravity  of  a  cone,  being  of 
uniform  density,  must  be  situate  in  its  axis ;  that  is,  in  a  straight  line 
drawn  from  the  point  of  the  cone  to  the  middle  of  its  base. 

In  the  sam*;  manner  it  may  be  shown,  that  the  centi-e  of  gravity 
of  solids  of  an  oval  figure  will  be  in  the  axis  of  the  oval;  the  centre 
of  gravity  of  a  cylinder  will  be  at  the  middle  point  of  its  axis ;  the 
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centre  of  gravity  of  a  straiglit  rod  of  uniform  ttiotness  will  bo  at 
tte  middle  point  of  its  lengtli,  and  at  the  centre  of  its  thickness. 

It  nill  be  easy,  in  this  and  all  similar  cases,  to  verify  the  condu- 
^ons,  by  suspencling  the  body  in  the  manner  already  described. 

274-  Centre  of  gravity  not  always  within  the  hody.-^-The  centre 
of  gravity  of  a  body  is  not  always  placed  within  its  dimensions. 
Thus,  for  example,  the  centre  of  gravity  of  a  hoop  is  at  its  centre, 
an  ima^nary  point,  which  does  not  constitute  any  part  of  the  body 
in  question. 

In  like  manner,  in  all  hollow  bodies  the  centre  of  gravity  is  an 
imaginary  point.  Tlius  it  is  in  the  eenfi-e  of  a  hollow  sphere.  The 
centre  of  gravity  of  an  empty  bos  or  cask  is  within  it,  at  an  imagi- 
nary point. 

If  a  piece  of  wire,  which  when  straight  has  its  centre  of  gravity 
at  its  middle  point,  be  bent  into  a  curved  form,  its  centre  of  gravilj 
will  be  an  imaginary  point  within  the  concave  part  of  the  curve.  In 
like  manner,  if  tie  wire  be  bent  into  the  form  of  a  v,  the  centre  of 
gravity  wUl  be  an  imaginary  point  within  the  angle  of  the  V. 

These  conclusions  may  be  verified,  and  the  centre  of  gravity  in  all 
sack  cases  found,  hj  suspending  the  body  in  difTerent  positions  in  the 
manner  already  explain  ed. 

275  J^evertheless  it  has  the  same  properties.  —  Although  the 
centre  of  gravity  in  such  cases  be  not  a  material  point,  and  not  in- 
cluded within  the  dimensions  of  the  body,  it  nevertheless  still  pos- 
aeasea  those  propeities  which  it  would  possess  were  it  actually  in- 
cluded within  the  mass  of  the  body. 

To  verity  this  by  experiment,  let  us  suppose  a  bar  of  metal  a  b, 
J%.  45.,  bent  into  a  curved  form.     Let  its 
,  (I  centre  of  gravity  be  determined  by  luspensinn 
■^^    When  supported  by  the  point  A,  let  a  0  be  the 
J  direction  of  the  plumb-line  and  when  suppoit- 
^  ed  by  the  point  b,  let  b  d  be  the  dnection  of 
-  ■=■  —  the  plumb-iine. 

It  follows,  therefore,  that  the  point  o  within  the  concavity  of  the 
circle  where  these  two  lines  intei'sect,  will  be  the  centie  if  gravity 
Let  a  light  silk  cord  be  attached  to  the  points  a  and  c,  ind  sti>tehi.d 
tight  between  them,  and  let  another  silk  cord  be  stretihed  between 
the  points  B  and  D  in  the  same  manner.  Now  the  point  o,  wbeie 
these  two  cords  cross  each  other,  will  be  the  centre  of  gravity 

Let  a  cord  be  tied  to  the  junction  of  the  strings  at  o,  and  let 
the  upper  extremity  of  this  cord  be  attached  to  a  fixed  point,  so  that 
fie  wire  may  be  thus  suspended.  It  will  be  found  fiat  in  this  ease, 
the  hoop  of  wire  will  rest  in  equilibrium  in  any  position  in  which  it 
may  be  plaeed.  In  this  case,  the  weight  of  the  silk  string,  being 
insignificant  in  comparison  with  the  weight  of  the  wire,  does  not  dis- 
turb the  position  of  the  centre  of  gravity,  which  still  remains  at  o. 
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276.  Centre  of  gravity  takes  iJie  lowest  position  convpalibU  wilh 
the  coadltiotts  that  affect  the  body.  —  If  a  body,  without  bemg  abso- 
lutely fixed  ia  its  position  bo  as  to  be  immoveable,  be  nevertheleaa 
partially  rostrwned,  so  as  to  be  capable  of  moving  only  under  certain 
conditions,  or  within  certain  limits,  tlien  the  centre  of  gravity  will 
have  always  a  tendency  to  move  into  the  lowest  portion  which  the 
conditions  under  which  the  body  is  placed  will  admit  of;  and  in  all 
cases  it  eon  never  remain  at  rest  unleas  its  line  of  direction,  that  ia 
to  say,  a  vertical  line  passing  througli  it,  should  pass  through  a  point 
of  support. 

277-  Centre  of  gravity  wJteti  at  rest  must  be  always  above  or  le- 
low  a  point  of  support. — It  may  therefore  be  assumed  as  a  principle 
of  the  highest  generality,  that  in  all  cases  in  which  a  body  is  at  rest, 
a  vertical  line  passing  tirougb.  its  centre  of  gravity  must  also  pa^ 
through  a  point  of  support  If  the  point  of  support,  therefore, 
through  which  this  line  passes  be  placed  above  the  centre  of  gravity, 
the  body  is  said  to  bo  suspended ;  if  it  be  placed  below,  it  ia  said  to 
be  supported. 

278.  Centre  of  gravity  when  not  supported  oscillates. — K  a  body 
be  suspended  from  a  fised  point  by  a  string,  it  will  remain  at  rest,  as 
has  been  already  explained,  provided  its  centre  of  gravity  be  placed 
in  a  vertical  -line  under  the  point  of  support  But  if  the  body  he 
drawn  out  of  that  position,  so  that  the  centime  of  gravity  will  be  on 
either  side  of  such  vertical  line,  then  the  body  when  disengaged  will 
fall  from  such  position  to  the  vertical  line,  and  in  consequence  of  its 
inertia  will  continue  its  motion 
beyond  the  vertical  line  until  it 
P  comes  to  rest;  it  will  then  re- 

turn to  the  vertical  lino,  aad 
thus    oscillate    from    side    to 

279.  A  pendulum. — Such  a 
body  constitutes  what  is  called 
the  pendulum. 

Let  Vjjig.  46.,  be',  the  point 
of  suspension.  Let  r  b  repre- 
sent the  string,  and  0  the  cen- 
tre of  gravity  of  the  body.  Let 
the  weight  of  the  body  be  re- 
presented by  the  vertical  line 
'0  D.  Let  this  be  tahen  as  the 
diagonal  of  a  parallelogram, 
one  of  whose  sides  0  h  is  in  the 
direction  of  the  string,  and  the 
other  0 1  at  right  angles  to  it. 
The  weight  represented  by  the 
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diagonal  will  thus,  by  the  resolution  of  forces,  he  equal  (o  two  forces, 
one  represented  bj  0  H  aad  the  other  by  o  I.  That  which  is  repre- 
sented bj  0  H  expands  itself  in  pressure  on  the  point  of  suspension  j 
the  other,  represented  hy  c  r,  will  cause  the  body  to  move  towards 
the  vertical  iioa  PV,  and  in  so  moving  the  centre  of  gravity  will  de- 
scribe the  eiioular  arc  0  G.  When  the  centre  of  eravity  arrives  at  g, 
it  will  be  in  the  vertical  line  P  V,  passing  through  the  point  of  aua- 
pensioQ ;  and  if  the  body  were  at  rest  it  would  remtun  there ;  but  on 
arriving  at  G,  the  body  has  a  certain  velodty  atfd  moving  force, 
which  it  will  retain  m  virtue  of  its  inertia,  until  deprived  of  it  by 
some  external  agency  It  will  therefore  continue  to  move  to  the 
right  of  O,  and  the  cenfie  of  gravity  will  describe  the  circular  sro 
6  c'.  In  ascending  this  cuculfti  arc,  the  force  of  gravity  has  a  ten- 
dency to  destroy  its  velocity 

Let  the  weight  of  the  body,  as  before,  be  represented  by  the  ver- 
tical line  c'  d'  :  it  wJl  be  equivalent  to  the  two  forces  represented  by 
c'  h'  and  c'  i'.  The  force  c'  li'  is  expended  in  pressnra  upon  the 
point  of  suspension  p;  the  other  o'l'  has  a  tendency  to  carry  the 
centre  of  gravity  o'  back  to  the  point  g,  along  the  oironlar  arc  o'  G. 
This  component  of  gravity,  while  the  body  moves  fiom  G  to  o',  gra- 
dually deprives  it  of  its  momentum,  and  if  the  momentum  be  en- 
tirely destroyed  at  the  point  c',  then  this  same  component  of  gravity, 
c'  i',  will  cause  the  body  to  return  along  the  circular  arc  to  the  point 
G.  la  this  manner  the  body  would  oscillate  continually  from  side  to 
side  of  the  vertical  line  PV,  the  centre  of  gravity  describing  alter- 
nately equal  arcs,  G  c  and  o  c'.  But  the  veastance  of  the  air  and 
other  impediments  have  a  tendency  continually  to  diminish  the  length 
of  the  arcs,  by  which  it  departs  from  the  vertical  line,  until  at  length 
the  body  loses  its  vibration  and  settiea  itself  in  such  a  position  that 
the  centre  of  gravity  o  Wll  be  quiescent  in  the  vertical  line  p  y. 

280.  Conditions  teldch  determine  tlte  stability  of  a  body.  —  "^ha 
stability  of  a  body  resting  in  any  position  is  estimated  by  the  magni- 
tude of  the  force  required  to  disturb  and  overtura  it,  and  therefore 
will  depend  on  the  position  of  its  centre  of  gravity  with  respect  to  the 

If  its  position  can  be  disturbed  or  deranged  ■without  raising  its 
centre  of  gravity,  then  the  slightest  force  will  bo  sufficient  to  move 
it ;  but  if  its  position  cannot  be  changed  without  causing  its  centre  of 
gravity  to  lise  to  a  higher  positiouj  then  a  force  will  be  necessary 
which  would  be  sufficient  to  raise  the  entire  weight  of  the  body 
through  the  height  to  which  its  centre  of  gravity  must  be  elevated; 
for,  according  to  what  has  been  already  explained,  the  whole  weight 
of  the  body  may  be  considered  concentrated  at  its  centre  of  gi'avity. 

281.  Slahilily  of  a  pyramid.  —  Let  B  A  c.  Jig.  47-,  represent  a 
pyramid,  the  centre  of  gravity  of  which  is  a.  To  turn  this  over  the 
edoe  B,  the  centre  of  sravitv  must  bo  caraied  over  the  arc  g  e,  and 
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must  tLerefore  lie  raised  through  the  height  H  E.  If,  however,  the 
pyramid  were  taller  relative  to  ita  hase,  as  mfig.  48,,  the  height  H  E, 
through  which  the  centre  of  gravity  would  Lave  to  he  elevated,  would 


Fig. -IT.  Fig  48  Fig 


be  proportionally  leas ;  and  if  the  base  were  stall  smaller  in  reference 
to  the  height,  as  iu^.  49.,  the  height  he  would  he  still  less,  and 
so  small,  that  a  very  slight  force  would  throw  the  pyramid  over  the 
edge  B.  It  is  evident,  from  esamining  these  diagrams,  that  the  prin- 
ciple may  be  generalized,  and  that  it  may  he  stated  that  the  stability 
of  any  body  depends,  other  things  being  the  same,  upon  the  distance 
of  the  line  of  direction  of  its  centre  of  gravity  irom  the  edges  of  ita 
base.  The  nearer  this  direction  is  to  one  edge  of  the  base,  the  more 
easily  will  tbe  body  be  turned  over  this  edge. 

282.   Case  in  which  the  line  of  direction  falls  outside  the  hase.  — 
If  the  line  of  direction  of  the  centre  of  gravity  fall  outside- 
y  the  edge,  as  in  j%.  50.,  then  the  weight  of  the  body  con- 
centrated at  a  will  be  unsupported,  and  the  body  wUl  fall 
over  its  edge. 

This  wiil  always  take  place,  if  the  body  be  not  attached 
fo  the  ground  at  itB  base ;  but  it  happens,  in  some  eases, 
I'ig.  50.  fiat  the  body  is  so  rooted  to  the  ground  at  its  base,  that 
it  will  resist  the  tendency  of  ife  weight  to  make  it  fall, 
even  though  the  line  of  direction  of  its  centre  of  gravity  should  fail 
a  little  outside  its  base.  Thus,  we  see  trees  not  urJrequentlj  leaning 
in  such  a  position,  that  theic  centre  of  gravity  obviously  falls  outside 
the  limits  of  their  trunk.  Yet  the"  trees  neverthel^s  remain  stand- 
ing, the  tenacity  of  the  roots  and  tiieir  hold  upon  the  soil  being 
sufficient  to  resist  the  effect  of  their  weight  acting  at  the  centre  of 
gravity. 

283.  Lerming  towers  of  Pisa  and  Bologna.  —  In  the  case  of  the 
celebrated  leaning  towers  of  Pisa  and  Bologna,  although  they  are  in- 
clined considerably  from  the  perpendicular,  the  lines  of  direction  of 
tlieir  centres  of  gravity  still  fall  within  their  bases. 

The  tower  of  Piaa  is  315  feet  high,  and  it  is  iholined  so  that  if  a 
plumb-line  hang  from  the  side  towards  which  the  inclination  takes 
place,  it  will  meet  lie  ground  at  12  ft.  4  in.  from  tie  base. 

The  tower  of  Bologna  is  134  feet  high,  and  a  plumb-line  similarly 
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lusponiltd.  would  Ml  at  9  ft.  2  in.  from  the  base.  Nevettlieless, 
ilieso  stiuctures  have  stood,  and  will  probably  stond,  as  permanently 
lis  if  they  were  erected  ia  the  true  perpendioular,  for  the  line  of 
du'ection  of  their  centre  of  gravity  falls  auffioiently  witbia  the  base  to 
render  their  overthrow  impossible  by  any  common  force 
to  which  they  will  be  exposed. 

284.   Case  in  which  the  line  of  direclion  falls  upon 

the  edge  of  tJte  base. — If  the  line  of  direction  of  the 

rtfe  of  gravity,  however,  fell  directly  upon  the  eiJge, 

iu_^^.  51.,  then  the  body  will  BtiU  stand,  but  it  will 

Fig.  51.       be  in  a  condition  in  which  the  slightest  possible  force 

will  turn  it  over  j  as  in  this  case  it  can  be  overturned 

without  caTOing  the  centre  of  gravity  to  rise. 

-  235.  Stabilili/  of  a  loaded  vehicle. — Hence  appears  the  principle 
upon  which  the  stability  of  loaded  carriages  or  wagons  depends. 
When  the  load  is  placed  at  a  considerable  elevation  above  the  wheels, 
the  centre  of  gravi^  is  elevated,  and  the  carriage  becomes  propor- 
tionally tmstable.  In  coaches  for  the  conveyance  of  passengers,  the 
luggage  is  thei-efore  very  unsafely  plac.ed  when  collected  on  the  roof, 
as  is  generally  done.  It  would  be  more  secure  to  pack  the  heavier 
luggage  in  the  lower  parts  of  the  coacb,  placing  light  parcels  on  tlie 
top;  for  in  such  case  the  centre  of  gravity  of  the  loaded  vehicle 
would  be  in  a  lower  position. 

Drays  for  the  conveyance  of  heavy  loads  are  oilaa  constracted  in 
Buch  a  manner,  that  the  load  would  be  placed  below  the  axle  of  the 
wheels.  If  a  wagon  or  cart,  loaded  in  such  a  manner  that  its  centre 
of  gravity  shall  be  in  an  elevated  position,  'pass  over  an  inclined 
road,  so  tiiat  the  line  of  direction  of  the  centre  of  gravity  would  fell 
outside  the  wheels,  it  would  cause  the  vehicle  to  be  overturned. 

The  same  wagon  will  have  a  greater  stability  when  loaded  with  a 
heavy  substance  which  occupies  a  small  space,  such  as  metal,  than 
when  it  carries  the  same  weight  of  a  lighter  substance,  such  as 
a  the  centre  of  gravity  in  the  latter  will  be  much  more 


286.  Slahility  of  a  table. — If  a  large  table  be  placed  upon  a  sin- 
gle leg  in  its  centre,  it  will  be  impracticable  to  mahe  it  stand  firm ; 
but  if  the  pillar  on  which  it  rests  terminate  in  a  tripod,  it  will  have 
the  same  stability  as  if  it  had  three  legs  attached  to  the  points  directly 
ovei-  the  places  where  the  feet  of  the  tripod  rest. 

287.  Slabilily  of  a  body  supported  on  several  feet. — "When  a 
solid  body  is  supported  by  more  points  than  one,  it  is  not  necessary 
for  its  stability  that  the  line  of  direction  should  fell  on  one  of  these 
points.  If  there  be  only  two  points  of  support,  the  line  of  direction 
must  fall  between  them.  The  body  is  in  this  case  supported  as  effect- 
ually as  if  it  rested  on  an  edge  coinciding  with  a  straight  line  drawn 
from  one  point  of  support  to  the  other.     If  there  be  tiiree  poinla  of 
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support,  which  are  Bot  ranged  in  the  same  straight  line,  the  body 
will  be  supported  in  the  same  niauaer  as  it  would  be  by  a  base  coin- 
ciding with  the  triangle  formed  hy  straight  lines  joining  the  three 
points  of  aapport.  In  the  same  manner,  whatever  be  the  number  of 
points  on  which  the  body  rests,  its  virtual  base  will  be  found  by  sup- 
posing straight  lines  drawn,  joining  the  several  points  of  support. 
When  the  line  of  direction  falls  within  this  base,  the  body  will 
always  stand  firm;  and  otherwise  not.  The  degree  of  stability  is 
determined  in  the  Bioae  manner  as  if  the  base  were  a  continued  sur- 
face. 

288.  Gestures  and  motions  of  animals  governed  iy  the  direction 
of  the  centre  of  gravity. — All  me  attitudes,  gestures,  and  movements 

of  animals  are  governed,  with  reference  to  the 
a     E    _^D        centre  of  gravity  of  their  bodies.    When  a  man 

j""' /^■■■"     stands,  the  line  of  direction  of  his  weight  must 

......;...._L).n     fall  within  the  base  formed  by  his  feet.     If  ab, 

_j _Q__      0  D  (Jig.  52.)  be  the  feet,  this  base  is  the  space 

'^     '^     "^  ABDC,     It  is  evident  that  the  more  his  toes 

Fig.  53.  are  turned  outwards,  the  more  contracted  the 

base  will  be  in  the  direction  ee,  and  the  more 

liable  lie  will  be  to  fall  backwards  or  forwards.     Also,  the  closer 

his  feet  are.  together,  the  more  contracted  the  base  wUl  be  in  the 

direction  a  H,  and  the  more  liable  he  will  be  to  feJl  towards  either 

289.  Motion  of  the  centre  of  gravity  when  a  person  joalks.  — 
"When  a  man  waits,  the  legs  are  alternately  lifted  from  the  groimd, 
and  the  centre  of  gravity  is  either  unsupported,  or  thrown  from  the 
one  side  or  the  other.  The  body  is  also  thrown  a  little  forward,  in 
order  that  the  ten  lenoy  of  the  centre  of  gravity  to  fall  in  the  direc- 
tion of  the  toes  may  a.i'.Ht  the  muscular  action  in  propelling  the 
body.  This  i  i-waid  inolmation  of  the  body  increases  with  the  speed 
of  the  mjtion 

But  foi  the  flexibility  of  the  knee-joints,  the  labor  of  walking 
would  be  much  greitar  th'ua  it  1=  for  the  centre  of  gravity  would  bo 
more  eie^  ate  1 1  y  each  '.t'^p  The  line  of  motion  of  the  centre  of 
gravity  m  walkii  ^  is  lej  lesented  by_^.  53.,  and  deviates  but  little 
from  a  regulir  honzontal  line,  ?o  that  the  elevation  of  the  centi'e  of 
giavity  js  subject  to  very  slight  variation. 


290.   Use  of  knee-joint  shown  by  the  effect  of  wooden  legs.  —  But 
if  there  were  no  knee-joint,  as  when  ft  man  has  wooden  legs,  the 
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centre  of  gi-avlty  would  mnv9  as  in  fig.  54.,  so  thafe  at  each  step  tha 
weight  of  tJie  body  would  be  lifted  tlu:ough  a  more  considerable  heigiit, 
and  therefore  the  labour  of  waiting  would  be  much  increased. 

If  a  man  stand  on  one  leg,  the  line  of  direction  of  his  weight 
n^Jlst  fall  within  the  space  on  which  his  foot  treads.  The  smallness 
of  this  space,  compared  with  the  height  of  the  centre  of  gravity, 
•iccounts  for  the  difficulty  of  this  feat. 

291.  Position  of  centre  of  gravity  changes  with  every  change  if 
posture. — The  position  of  Uie  centre  of  gravity  of  the  body  changes 
with  the  posture  and  position. of  the  limbs.  If  the  arm.  bo  extended 
from  one  side,  the  centre  of  gravity  is  brought  nearer  to  tbat  side 
than  it  was  when  the  arm  hung  perpendicularly.  "When  dancere, 
standing  on  one  leg,  estand  the  other  at  right  angles  to  it,  they  must 
incline  the  body  in  the  direction  oppoat«  to  that  in  whioh  the  leg  is 
extended,  in  order  to  bring  the  oentre  of  gravity  over  the  foot  which 
supports  them. 

292.  Porler  carrying  a  load. — When  a  porter  carries  a  load,  his 
position   must  be  regulated  by  the  centre  of 

?ravitj  of  his  body  and  the  load  taken  together, 
f  he  bore  the  load  on  hia  back,  the  line  of  di- 
rection would  pass  beyond  his  heels,  and  he 
would  fall  backwards.  .,  To  bring  the  centre  of 
gravity  over  his  feet,  ha  accordingly  leans  for- 
ward {fig.  55). 

If  a  nmBe  carry  a  child  in  her  arms,  she  loans 
back  for  a  like  reason. 

"When  a  load  is  carried  on  the  head,  the 
:  stands  upright,  that  the  centre  of  gravity  may  be  over  his  feet. 

293.  Walking  up  or  dmim  a  hill.  — 
In  ascending  a  hill  we  appear.to  incline 

-  forward,  and  in  descending  to  lean  back- 
ward ;  but,  in  truth,  we  are  standing  up- 
right with  respect  to  a  level  plane.     This 
y,  to  keep  the  line  of  direction 
the  feetj  as  is  evident  from  fig. 

294.  Rising  from  a  chair.  —  A  per- 
Fig,  56.                 son  sitting  oa  a  chair  cannot  rise  from  it 

without  either  stooping  forward  to  bring 
the  centre  of  gravity  over  the  feet,  or  drawing  back  the  feet  to  bring 
them  under  the  oentre  of  gravity. 

If  a  person  stand  with  bis  side  close  against  a  wall,  his  feet  being 
close  together,  he  will  find  it  impracticable  to  rtdse  the  outside  foot, 
for  if  he  did,  the  line  of  direction  of  the  centre  of  gravity  of  his 
body  would  fall  outside  the  inner  foot;,  and  he  would  be  uusup- 
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295.  Case  of  quadrwpEds. — Wieii  a  quadraped  atanda  witL  his 
four  feet  on  the  ground,  the  centre  of  gi'avity  of  his  body  is  over  a 
point  fouad  by  drnwiug  die  two  diagonala  of  the  quadrilateral  form- 
ed by  Hs  feet ;  that  is  to  say,  if  a  line  fee  drawn,  joining  his  right 
fore  foot  with  his  left  hind  foot,  and  another  joining  his  left  fore  foot 
witli  Lia  right  hind  foot,  then  the  centre  of  gravity  of  his  body  will 
he  Yery  nearly  over  the  point  where  these  lines  cross  eaeh  other. 
Strictly  speaking,  it  will  generally  be  a  little  nearer  to  his  fore  feet 
than  this  point.  It  will,  however,  still  be  very  nearly  on  the  centre 
of  the  quadrilateral  base  formed  by  hia  four  feet;  and,  therefore,  in 
a  position  to  give  complete  stability  to  the  animal. 

When  a  quadruped  walks,  he  raises  his  right  fore  and  left  hind 
foot  {the  former  leaving  the  ground  a  little  before  the  latter),  the 
diagonal  line  joining  his  left  fore  foot  and  right  hmd  foot  supporting 
hia  weight.  The  centre  of  gnvitv  of  iis  body  !S  a  little  in  advance 
of  this  line ;  and  his  gravity,  therefoie,  aasiste  his  forward  motion. 
The  left  fore  foot  is  raised  a  moment  before  the  left  hind  foot  is 
brought  to  the  ground,  and,  m  like  manner,  the  right  hind  foot  ia 
raised  immediately  after  the  nght  foie  foot  cjmes  to  the  ground. 
The  effect  of  these  motions  is,  that  the  ^weight  cf  the  animal  is 
thrown  alternately  upon  the  two  diagonal  lines  joining  the  right  fore 
and  loft  hind  foot,  and  the  left  fore  and  right  hind  foot. 

When  a  qnadvaped  trota,  he  also  rwaes  hia  legs  from  the  ground, 
alternately,  by  pairs,  placed  diagonally ;  but  in  this  case  the  two  feet 
leave  the  ground  and  return  to  it  precisely  together,  and  each  pair 
springs  from  the  ground  a  moment  before  the  other  pair  returns  to  it, 
so  that  there  are  short  intervals  between  the  succeasive  returns  of  the 
feet,  by  pwra,  to  the  ground,  during  which  the  entire  body  is  uasup- 
p  rted  The  w  ight  is,  m  these  intervil'  proiLCted  upwards  by  fie 
»pnag  of  the  leg«,  ^fo  that  the  centre  of  gravity  of  the  body  desoribes 
1  >!uccea'^ion  of  arcs  otncavo  towards  the  j,round  It  is  this  motjoa 
f  the  body  which  producea  the  ictioa  austained  by  the  rider  of  a 
h  -se  m  trotting 

l\hen  a  quadruped  golbps  he  laioes  amultaneously  hie  two  fore 
Ip^i  and  by  the  musculai  aobon  of  hia  hind  leg"  he  projects  hia 
we  ght  foi words  Duimg  the  7[nug  the  centre  ot  gravity  ia  unsup- 
prtpl  but  n  thrown  tuiward,  desenbmg  a  circular  arc,  concave  to- 
wn I-)  the  trounl 

T\  hen  tnis  ari,  has  been  completed,  the  fore  legs  reach  the  ground, 
and  immediately  afterwai'ds  the  hind  legs;  and  the  centre  of  gravity 
is  again  momentarily  supported,  and  the  animal  is  in  an  attitude  to 
repeat  the  same,  action. 

296.  A  cylinder  rolkd  on  a  Unel  plane.  — If  a  cylindrical  body 
of  uniform  density  be  placed  upon  a  horizontal  plane,  A  b,  Jig.  67., 
its  centre  of  gravity  being  its  centre  of  magnitude  o,  the  line  of  di- 
rection 0  s  mU  necossarily  meet  the  plane  at  the  point  where  the 
140 
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cylinder  touches  itj  and  tbe  body  will  coiae- 
qnently  remain  at  rest.  If  tlie  cylinder  be 
rolled  npoii  the  plane,  the  centre  of  gravity 
will  he  earned  in  a  horizontal  line,  parallel 
to  the  plane  represented  by  the  dotted  line  in 
A  L'  a     the  figure.     Since,   therefore,  in  thLs  mo- 

Fig.  57.  tion  the  centre  of  gravity  does  not  rise,  any 

force  applied  to  the  Iwdy,  however  slight,  will 
oause  it  to  move,  since  no  elevation  of  its  weight  is  reqiureo.  But, 
on  the  other  hand,  the  hody  will  have  of  itself  no  t«ndenoy  to  change 
its  position,  because  the  centre  of  gravity  is  not  only  supported,  but 
becanse  by  no  change  of  the  body  can  it  assume  a  lower  position. 

297.  J»  elliptic  body  on  a  level  plane. — If  aboard  of  uniform 
density  be  cut  into  the  form  of  an  ellipse  AB,  Jig.  58.,  and  be  placed 
upon  a  level  surface  d  E,  with  the  longer  axis 
L  B  of  the  ellipse  parallel  to  the  surface  D  E,  the 
entre  of  gravity  c  will  then  be  verdcaDy  over  the 
point  p,  at  which  the  board  touches  the  surface, 

and  the  body  will  be  supported  at  rest.     If  tie 

^   body  be  disturbed  slightly  from  this  position,  the 
^'S  *^  end  A  being  depressed  and  tlie  end  e  elevated,  then 

the  eantie  of  gravity  o  will  be  elevated  towards  the  point  o;  and  if, 
on  the  other  hind,  the  end  B  be  depressed  and'the  end  A  elevated, 
then  the  oentia  of  gravity  will  be  raised  towards  the  point  o'.  lu 
Hither  caae,  this  ele^  ation  of  the  centre  of  gravity  will  require  the 
appli  ation  of  such  a  t  rce  as  would  bo  suffident  to  raise  the  body 
thiough  that  height,  whatever  it  be,  through  which  the  centre  of 
giavsty  has  been  elevated ,  and  if,  after  sucn  elevation,  the  body  be 
iisengaged,  and  lelt  to  the  free  action  of  gravity,  the  centi-e  of  grav- 
ity will  descend  to  the  lowest  possible  position,  that  is  to  say,  to  the 
position  repre-^nted  in  the  figure,  and  will  oscillate  from,  side  to  side 
of  this  position  until  the  vibrating  motion  be  destroyed  by  the  resist- 
ance of  the  air  and  by  friction. 

The  centre  of  gravity  will  then  rest  in  the  position  represented  in 
the  figure 

Li-t  u.'i  now  suppose  that  the  same  board  is  placed  on  the  horizontal 
pi  me  D  E,  with  its  longer  axis  vertical,  aa  represented  in 
fig  nO 
The  line  of  direcHon  0  P  of  the  centre  of  gravity  will 
now  pass  through  the  point  of  support  of  the  body,  and 
consequently  the  board  will  be  supported.  But  if  iu  this 
ewe  the  body  l^e  sMghtly  turned  from  its  position  to  the 

_1 ri^ht  or  to  the  left,  the  centre  of  gravity  will  descend  to- 

^  wirdi  0  or  towards  o',  and  cannot  resume  the  original 
^'^  ^^     position  it  0  until  a  force  be  applied  to  it  which  would  be 
Buihciont  to  raise  the  weight  of  the  body  through  the  height  tfl  which 

„., '.ffcooglf 
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tte  eoBtre  of  gi-avity  baa  fallen.  It  is  evident,  therefore,  ilat  in  tliia 
case,  if  the  position  of  equilibrinm  o  p  be  disturbed  in  the  slightest 
degree  hy  inclining  the  hody  &  little  either  to  the  right  or  the  left, 
the  centre  of  gravity  will  move  downwards,  and  the  hody  will  fall 
until  it  take  the  position  represented  in  ^g.  58.,  ^th  its  long  axis 
horizontal. 

298.  Stable,  unstable,  and  neulral  equilihrium.  —  Now  it  will  he 
observed,  that  in  each  of  tJie  three  cases  represented  in  jigs.  57., 
58.,  and  59.,  there  is  ei^uilihrium,  hut  this  oquihhrium  is  character- 
ized in  each  case  by  particular  conditions. 

299.  Criterion  of  stable  equilibrium. — In  the  case  r  p  nted  n 
_fig.  58.,  the  equilibrium  is  called  stable,  because,  if  it  f  1  n  d 
either  to  the  right  or  to  the  left  the  body  will  of  itself  tu  n  t  t 
tnd  Nettie  defan  t  vely  mto  t  after  some  oso  Hat  on  th  centr  f 
g  avity  resum  ng  ta  posit  a  ove  the  po  nt  p  Th  posit  n  f 
stable  equ  1  br  urn  is  dete  ra  ned  by  the  oond  tion  that  n  h  nge  of 
pos  t  on  can  take  place  n  the  body  w  th  ut  nana  ng  an  1  ati  n  n 
the  centre  of  gra  ty  o  wh'it  s  the  same  t  s  that  ^w  t  n  n 
wh  ch  the  cent  e  f  gia  ty  at  the  1  west  jo  nt  t  is  p  bl  f 
as  um  ng  cons  tently  with  the  coud  t  ons  un  1  r  wh  h  the  h  ly  is 
plael 

Tl  Q  state  of  equ  hb  m  represented  nfig  59  s  called  u  stable, 
or  f  tte  n^  eq  1  V  um  It  su  h  a  st  te  ot  e  j  1  b  um  that  if 
h  si  ghtest  derange  uent  tiies  pliee  n  the  po  tion  f  the  centre 
ot  g  av  ty  t  will  not  retu  n  to  the  9j  e  p  at  1  t  tl  e  1  ody  will 
a  unie  anothe  pos  t  n  n  wl  h  the  cent  ot  grav  ty  w  11  be  in  a 
s  ate  of  stable  equil  bnum  as   epresented  njig  58 

300,  Criterion  of  unstable  equilibrium.  —  Unstable  equilibrium, 
then,  is  characterized  by  the  quality  that  the  centre  of  gravity  is  at  the 
highest  point  which  it  can  assume  compatibly  with  the  conditions  in 
which  the  hody  is  placed;  and  although  it  ia  vertically  over  the  point 
of  support,  it  ia  nevertheless  in  such  a  condition  that  the  slightest 
dei-angement  will  cause  it  to  descend,  and  the  body  to  be  overtunied, 

301,  Criterion  of  wutral  egmlibrium. — The  case  represented 
in  _fig.  57.  ia  an  intermediate  condition  between  these  two  extremes, 
and  is  called  the  state  of  neutral  equilibrium.  It  is  neither  stable 
nor  unstable.  It  is  not  stable,  because  the  slightest  force  applied  to 
the  body  will  permanently  change  its  position,  it  is  not  unstable,  he- 
cause  the  body  will  not  be  overturned  by  the  action  of  its  own  weight, 
however  ite  position  may  be  changed. 

302,  Example  I.  —  Children's  toys.  —  The  effects  of  a  variety 
of  children'a  toys  are  explained  by  tiiia  prmciple.  The  centra  of 
gravity  is,  by  loading  one  estremity  in  a  manner  not  perceptible  to 
the  eye,  moved  to  a  considerable  distance  from  the  centre  of  magni- 
tude. The  object,  therefore,  will  only  stand  when  the  point  wMch 
ia  the  real  centre  of  gravity  is  in  the  lowest  position. 
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Thus,  a  figure  made  of  some  light  substance,  such  as  elder  pith  or 
cork,  has  a  pieoe  of  lead  attached  to  one  of  its  extremities.  If  it  be 
placed  on  tie  other  extremity,  the  end  heing  rouuded,  it  will  appa- 
rently, hy  a  sponfaneous  movement,  invert  its  position,  and  a  sort  of 
tumbler  will  be  formed. 

303.  Example  II,  —  Feats  of  public  exhibitors.  — Many  of  the 
feata  exhibited  by  sleight-of-hand  performers  are  explained  by  the 
principles  of  stable  and  unstable  equiEbrinm,  If  any  object,  such  as 
a  sword,  be  supported  on  its  point,  it  will  be  in  unstable  equilibrium 
so  long  as  its  centre  of  gravity  is  directly  over  its  point ;  but  as  it 
cannot  be  maintained  precisely  so,  the  finger  or  other  support  of  the 
point  is  moved  slightly  in  one  direction  or  anoller,  so  as  to  keep 
nearly  under  the  eentre  of  gravity,  and  to  cheek  the  tendency  of  the 
Sfford  to  tall  on  the  one  side  or  on  the  other. 

But  these  and  similar  feafa  are  prodigiously  fecilitated  if  the  object 
thus  balanced  is  made  to  spin  npon  its  point;  for  in  that  case  the 
centre  of  gravity,  though  not  Tertica,lly  over  the  point  of  support,  is 
continually  revolving  round  a  vertical  line  passing  thi'ough  the  point 
of  support,  and  the  tendency  which  it  has  at  one  moment  to  make 
the  body  fall  on  one  side  is  instantly  oheoted  by  a  contraiy  tendency 
when  the  revolving  eentre  of  gravity  pa^ea  to  the  opposite  side. 

304.  Example  III.  —  Spivntng-top.  —  It  is  in  this  manner  that 
the  common  effect  of  a  spinning-top  is  explained.  It  would  be  quite 
impracticable  to  make  the  top  stand  on  its  point  if  it  did  not  revolve, 
or  if  it  revolved  very  slowly ;  but  if  it  have  a  very  rapid  motion  of 
gyration,  then  it  will  stand  steadily  on  its  point. 

It  may  be  asked  how  the  rapidity  of  the  gyration  affects  the  ques- 
tion. This  is  easily  explained.  If  the  centre  of  gravity  revolve 
round  the  line  so  slowly  that  the  time  taken  in  half  a  revolution  is  so 
considerable  as  to  allow  it  to  fall  to  any  conaderable  depth,  then  it 
cannot  recover  itself  when  it  passes  to  the  other  ade ;  but  if  the  re- 
volution be  so  rapid  that  half  the  time  of  one  gyration  is  so  small 
that  the  centre  of  gravity  cannot  fall  through  any  sensible  height^ 
the  top  will  maintain  its  position. 

305.  Example  IV. —  Object  spinning  on  point  of  a  sword. — 
Public  exhibitors  place  a  circular  plate  on  the  point  of  a  sword,  the 
point  being  placed  as  near  the  centre  of  the  plate  as  possible.  But, 
however  near  the  centre  it  may  be  placed,  it  is  not  always  possible  to 
ensure  ita  comoidenoe  with  the  centre  of  gravity  of  the  plate.  If  in 
this  ease  the  plate  were  at  rest  on  the  point  of  the  sword,  it  would 
not  be  balanced,  but  would  incline  and  fall  on  that  side  on  which  the 
centre  of  gravity  would  lie.  The  exhibitor,  therefore,  prevents  this 
effect  by  giving  to  the  plate  a  rapid  motion  on  the  point  of  the 
sword.  The  centj-e  of  gravity  of  the  plate  rapidly  moves  in  a  small 
circle  round  the  point  of  support,  and  its  tendency  at  one  moment  to 
Ml  down  on  one  side,  is  che(^ed  the  next  moment  by  a  contrary  ten 
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FiK-  60. 


dency  to  fall  down  on  the  other  side,  and  tie  plate  accordingly  spins 
rapidly  on  the  point.- 

300.  Example  V.  —  Cases  in  which  centre  of  gravity  seems  to 
mcend.  —  In  some  cases,  the  centre  of  gravity  of  a  body  apparently 
ascends ;  but  thia  is  always  deceptive,  and  its  real 
A  motion  is  invariably  a  descending  one.     Let  a  cylin- 

der of  wood,  A  B,  jig.  60.,  be  pierced  by  a  hole  0 
near  its  surface  b,  and  let  a  cylinder  of  lead  be 
inserted  in  t^iis  hole.  The  centre  of  gravity  of  the 
mass  will  then  be,  not  at  its  centre  of  magnitude, 
but  between  that  point  and  the  centre  of  the  cylin- 
der of  lead  which  fills  the  hole  o,  and  will  not  be  far 
removed  from  the  centre  of  the  lead,  iu  eonseqiienoe 
of  the  great  comparative  weight  of  that  substance. 

If  such  a  cylinder  as  this  be  placed  upon  an  in- 
clined plane  M  N,Jig.  61.,  in  such  a  position  that  the 
line  of  direction  o  B  of  the 
centre  of  gravity  shall  fall 
above  the  point  of  contact 
Q  p  of  the  cylinder  with  the 
plane,  the  cylinder  will  roll 
up   the  plane,  because  its 
weight  concentrated  at  the 
centre  of  gravity  o,  acting 
downwards  in  the  line  o  b^ 
will  have  a  tendency  to  de- 
scend   towards   the   plane, 
and  will  so  descend,  oaiKing 
and  it  will  continue  to  descend  until  the 
line  of  direction  of  the  e 


Fig.  61. 


the  body  to  roll  towards  N ; 

cylinder  take  such  a  positioi 

of  gravity  oB  shall  pass  through  the  point  of  contact  of  the  cylinder 

with  the  plane. 

Ir  these  and  similar  cases,  although  the  general  mass  of  the  body 
rises,  the  particular  part  occupied  by  its  centre  of  gravity  faDs ;  that 
point  is,  in  effect,  simultaneously  affected  by  two  motions,  one  pro- 
duced by  the  progressive  motion  of  the  cylinder  up  the  plane  from  m 
to  N,  and  the  other  by  the  motion  of  revolution  of  the  cylinder  round 
its  centre  o.  In  virtue  of  the  former,  the  centre  of  gravity  would 
rise;  and  in  virtue  of  the  latter,  it  would  fall.  The  effect  of  the 
latter  predominates  until  the  centre  of  gravity  comes  into  the  vertical 
line,  passing  through  the  point  of  contact  of  the  cylinder  with  the 

307-  Example  VI.  —  Case  of  a  globe  rolled  up  an  inclined 

plane  by  a  person  treading  on  it.  —  A  ease  of  the  ascent  of  the 

centre  of  gravity  is  sometimes  produced  by  public  exhibitors,  the 

explanation  of  which  may  here  be  found  instructive.     The  exhibitor 
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places  a  sphere  of  wood  upon  an  inclined  piano,  and  standing  upon 
it,  he  places  his  feet  on  tliat  side  of  the  centre  which  is  towards  the 
elevation  of  the  plane.  Immediately  the  globe  be^ns  to  roll  up  the 
plane,  and  the  eshibitor,  by  moving  his  feet  so  as  to  keep  tKem  still 
near  the  highest  point  of  th.e  glohe,  but  still  on  the  side  nest  fie  ele- 
vation of  the  plane,  the  globe  continues  to  roll  up  the  plane,  the  es- 
hibitor dexterously  maintaining  his  position  as  here  described. 

In  this  ease  there  is  a  real  ascent  of  the  common  centre  of  gravity 
of  the  globe  and  the  body  of  the  exhibitor.  Now  the  question  is, 
What  foi-ce  in  this  case  produces  this  ascent?  for  it  is  evident  that  in' 
the  time  during  which  it  rolls  to  the  top  of  the  plane,  the  entire 
weight  of  the  globe  and  the  body  of  the  exhibitor  has  been  elevated 
through  a  perpendbuiar  space  equal  to  the  height  of  the  plane. 

The  force  which  accomplishes  this  is  the  muscular  action  of  the 
feet  of  the  eshibitor  upon  the  surface  of  the  globe.  As  the  globe 
rolls  up  the  plane,  if  the  feet  of  the  exhibitor  pressed  upon  the  same 
point  of  ita  surfece,  they  would  descend;  and  in  that  case  the  com- 
mon centre  of  gravity  of  the  globe  and  the  body  of  the  eshibitor, 
instead  of  ascending,  would  in  iact  descend,  until  the  feet  of  the  es- 
hibitor would  sink  down  to  the  surface  of  tjie  plane;  but  this  is  pre- 
-vented  by  the  feet  of  the  exhibitor  continually  stepping  backwards 
upon  the  surface  of  the  globe,  so  as  to  stand  near  the  top ;  and  thus, 
by  moving  his  feet  on  the  globe  backwards  continually  towards 
the  top  of  it,  the  exhibitor  elevates  the  centre  of  gravity  of  his 
body,  while  the  action  of  his  feet  upon  the  globe  causing  it  to 
roll  up  the  plane  at  the  same  time,  raises  the  centre  of  gravity  of  the 
globe. 

308.  Cenlre  of  gravity  of  fiidds.  —  In  all  that  we  have  stated 
respecting  the  centre  of  gravity,  we  have  supposed  the  body  to  be 
solid ;  but  this  quality  also  plays  an  important  part  in  the  phenomena 
of  fluids.  The  centre  of  gravity  of  a  fluid  mass  is  determined  by  the 
same  conditions  is  if  it  weie  solid  It  is  that  joint  which  would 
have  the  properties  ahealy  dehns,d,  if  thi,  fluid  m^so  weie  supposed 
to  be  congealed. 

Thus  the  centre  of  gra(itj  of  the  water  forming  a  Iikt  is  that 
poiot  which  would  have  the  propirties  alreadj  exphined,  if  the  wa- 
ter of  the  lake  were  convetted  into  a  miss  of  ice  It  will  appear 
hereafter,  however,  to  possess,  in  rcfeienoe  to  fluid  bniies,  many  im- 
portant characters. 

309.  Centre  of  gravity  of  two  separata  hodies.  —  The  centre  of 
gravity  of  two  separate  and  independent  bodies  is  that  point  between 
them  which  would  possess  the  characters  already  defined,  if  the  two 
bodies  were  united  by  a  straight  and  inflexible  rod  which  is  itself  de- 
void of  weight. 

This  point  may  he  determined  by  a  very  simple  mathematical  pro- 
cess.    Let  the  centres  of  eravity  of  the  two  bodies  in  question  be 
IS  146       , 
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conceived  to  te  eonnecteiS  by  a  strsiiglit  line,  and  let  a  point  be  fouud 
upon  thia  straight  line  wLicli  shall  divide  it  into  two  parts,  which 
shall  he  in  the  inverse  proportion  of  the  weights  of  the  two  bodies. 
Then  this  point  will  be  their  common  centre  of  gravity. 

Thus  let  A  and  ^,fig-  02.,  be  the  two  bodies,  and  let  a,  h  be  their 

centrea  of  gravity.     Draw  the  line  a  b,  and  take  upon  it  a  point  c, 

such  that  6  C,  shall  bear  to  q  c  the 

-A^^^  same  proportion  as  the  weight  of 

(J\ _  CS>  ^  hews  to  the  weight  of  b.    In 

I  "'"y c'  '^^  "^^i  ^  ^1'  ^^  t^^  centre  of 

"—^  gravity  of  the  two  bodies.     Now 

^^'  ^^'  if  the  line  a  h  were  a  rigid  rod 

devoid  of  gravity,  the  point  o  would  have  all  the  propertiea  which 

have  been  already  esplained  as  belonging  to  the  centre  of  gravity; 

thus,  the  bodies  would  balance  themselves  on  o  in  any  position. 


310.  Force  amsequenl  on  a  rotatory  motion.  —  If  a  ball  of  metal 
or  other  heavy  substance,  pkoed  upon  a  smooth  and  level  am-fece,  be 
attached  ti  ihe  estremiiy  of  a  string,  the  other  estremity  of  which  is 
fastened  to  a  fixed  point  npon  the  surface,  and  then  whirled  round  in 
a  caole,  it  is  known,  bj  nniversal  and  constant  esperience,  that  the 
stnng  wJl  be  stretohed  with  a  certain  force,  which  will  be  angmented 
S3  the  velocity  of  the  whirling  motion  is  increaaed,  or  as  the  string  is 
lengthened. 

That  anch  force  is  not  produced  by  gravity  is  evident,  inasmuch  as 
the  le\el  surfiiee  upon  which  the  body  movM  supports  its  weight. 

311  Centrifugal  force.  —  Thb  force,  which  always  attends  mat- 
ter that  js  moved  round  a  centre,  in  what  manner  and  under  what 
foim  soever  the  motion  be  produced,  is  called  centrifugal  force,  be- 
eiuse  it  1^  manifested  by  a  tendency  of  the  matter  which  revolves  to 
reoedi,  from  the  centre  of  revolution ;  this  tendency  in  the  ease  just 
mentioned  bemg  manifested  by  the  force  with  which  the  string  con- 
necting the  body  with  the  fised  point  ia  stretched.  This  tension  re- 
sists the  tendeney  of  the  ball  to  2y  from  the  centre,  and  is  therefore 
the  meisuie  of  its  centrifugal  force. 

312.  Centrifugal  force  a  consequence  of  inertia.  —  That  centri- 
fugal force  is  a  mere  effect  of  the  inertia  of  matter,  may  be  easily 
shown.  It  has  been  already  esplained,  that  in  virtue  of  its  inertia, 
a  body,  if  in  motion,  can  only  move  uniformly  in  a  straight  line.    If, 
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therafora,  it  be  deflected  fi-om  one  straight  line  into  another  atrmght 
line,  it  muat  be  hy  the  action  of  some  force  impressed  upon  it  at  the 
moment  of  deflec^on  ;  and  if  a  body  be  coatinually  d  fl    tel  f   m 
straight  direction,  which  it  must  be  if  it  move  in  a  cu         h  h 

body  miist  be  under  the  operation  of  a  forco  continually     t         po 
it,  producing  such  incessant  change  of  direction. 

Lot  P,^.  63.,  be  the  fised  point  to  whbh  the  string        tt    h  1 


Let  A  be  the  ball,  : 


a  circle  in  wh   1    th    b  11 
whirled  round.     Let  a  c  be      m  11  f 

this  circle  moved  over  in  a  oi  t       1 

of  time.  Starting  from  A,  th  m  t  f 
the  ball  has  the  direction  f  th  t.  t 
A  D  to  the  circle,  and  it  would  move  from 
A  to  D  in  the  given  interval  of  time,  if  it 
were  not  deileot«d  fix)m  the  rectilineal: 
course  j  but  it  is  deflected  into  the  diago- 
nal A  0,  and  this  diagonal,  by  the  compo- 
sition of  forces,  is  equivalent  to  two  forces 
represented  by  the  sides  A  d,  a  b.  But  the 
motion  ad  is  that  which  die  hody  would 
Fig.  63.  have  in  virtue  of  its  inertia;  and  therefore 

the  force  A  b,  directed  towards  the  fixed 
point  p,  is  that  which  is  impressed  upon  it  hy  the  tension  of  the 
string,  and  which,  combined  with  the  motion  a  e,  causes  it  to  move 
in  the  diagonal  A  0. 

The  tension  of  the  siring,  therefore,  is  in  fact  a  force  directed  to 
the  centre  p,  which  continnally  deflects  the  body  from  the  tangent  to 
the  circle  in  which  it  has  a  constant  tendency  to  move  in  virtue  of  its 
inertia. 

313.  Method  of  calculating  centrifugal  force.  — It  follows  from 
the  elementary  principles  of  geometry,  that  the  space  A  B,  which  ia 
that  which  represents  the  force  of  the  string  upon  the  hall,  or  the 
centrifugal  force,  and  which  is  in  fact  the  space  through  which  the 
body  is  moved  in  a  given  small  interval  of  time  by  the  tension  of  the 
string  which  measures  the  centrifugal  force,  ia  found  by  dividing  the 
square  of  the  number  representing  a  o  by  the  number  representing 
the  diameter  A  ¥  of  the  circle,  or  twice  the  length  of  the  string  A  P. 
But  A  0  being  the  space  described  in  a  given  time  by  the  revolving 
body,  is  ite  velocity. 

If  we  would  then  compare  the  centrifugal  force  of  the  body  with 
its  weight,  we  have  only  to  compare  the  space  which  the  body  would 
be  moved  through  by  the  centrifugal  force  acting  alone  upon  it,  with 
the  space  which  gravity  would  move  the  same  body  through  acting 
equally  alone  upon  it. 

Let  us  then  express  the  physical  quantities  involved  in  this  ques- 
tion as  follows : 
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W  =  the  weight  of  the  revolving  tody, 
c  :=  its  centrifugal  force, 
v  =  its  velocity  in  feet  per  second. 
E  =  length  of  string  in  feet. 

g  =  16y'j  feet,  being  the  height  through  which  W  woulct.fall 
freely  in  one  second, 
We  shall  have  then  the  following  proportions : — 

^      2a' 
and  therefore  we  have 

•2ii  X  g' 
This  formula,  expressed  in  ordinary  language,  is  as  follows : 

314,  RULK  TO  CALCULATE  OENTaiFUGAL  FORCE,  WHEN  THE 
■WEIOHT,  VELOOITT,  AND  KADIUS  OP  ROTATION  AEB  GIVEN. The 

centrifugal  force  of  a  body  revolving  in  a  circle  is  found  by  multi- 
plying its  weight  hy  the  square  of  the  number  of  feet  which  it  moves 
through  in  a  second,  and  dividing  the  product  by  the  number  of 
feet  in  the  raditis  of  the  circle  it  describes,  mtdliplied  hy  82  J. 

But  it  is  more  convenient  in  practice  to  express  the  centrifugal 
force  of  a  revolving  body  by  reference  to  the  number  of  revolutions 
it  performs  in  a  given  time.  Let  us  therefore  express  by  n  the 
number  of  revolutions,  or  fraction  of  a  revolution,  performed  by  the 
body  in  one  second.  The  circumference  of  the  circle  which  it  de- 
scribes, the  length  of  the  string  being  a,  will  be  6'288  e. 

If,  then,  this  be  multiplied  by  n,  we  shall  obtain  the  space  through 
which  the  body  moves  in  one  second,  or  its  velocity;  and  since  the 
square  of  6*283  is  39-476,  we  shall  have 

V^  =  39-476r^XN^ 
and  therefore  we  shall  have  the  centrifugal  force  expressed  by 
c  =  1-227  w  X  a  X  n". 

In  this  formula  it  must  he  understood,  however,  that  the  length 
of  the  string  must  be  expressed  in  feet  or  fractions  of  a  foot,  and 
that  N  must  express  the  number  of  revolutions,  or  fraction  of  a  revo- 
lution, made  by  the  body  in  one  second. 

This  formula,  expressed  in  ordinary  language,  is  as  follows : 

315.  RUIJ;  TO  CALCULATE  CENTRIFUGAL  FORCE,  WHEN  WEIGHT, 
RADIUS  OP  ROTATION,  AND  NUMBER  OF  EEV0LUTI0N8  PER  SECOND 

AEE  GIVEN.  ~  To  find  the  centrifugal  force  of  a  revolving  body, 
multiply  lis  weight  by  the  number  1-227.  Multiply  this  product  by 
the  nuniber  of  feet  in  its  distance  from  the  centre  round  which  it 
turns,  and  finally  multiply  this  product  by  the  square  of  the  number 
of  revoIiUwns,  or  fraction  of  a  revolution,  tnhich  it  makes  round  that 
centre  in  one  second  of  time. 
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Example.  —  Let  it  be  required  to  find  with  what  force  a  body 
>t.!ighing  2  lbs.  would  stretch  a  string  3  feet  long,  revolving  four 
fj^ea  per  second.  Multiply  2  Iba.  by  1-227,  and  we  obtain  2-4a4  Iha, ; 
maltipiying  this  by  3,  the  number  of  feet  in  the  longt.h  of  the  string, 
we  obtain  7362.  In  fine,  multiply  thia  by  16,  .which  is  the  square 
of  4,  the  number  of  revolutions  per  second,  and  we  have  117-792. 
So  that  the  centrifugal  force  with  which  the  string  is  stretched  would 
be  117-^j-lbs.  very  nearly. 

Trom  tii8  preceding  concludons  it  follows,  that  if  two  bodies  of 
e^ual  weights  be  whirled  round  their  centres  by  strings  or  toAs  of 
the  ':ame  length  their  centrifugal  forces  will  be  in  proportion  to  the 
squaies  of  thy  number  of  revolutions  whiifh  thoy  perform  in  a  given 
time  Thus  f  one  of  them  make  three  revolutions  while  the  other 
mahes  tw  the  centrifugal  force  of  the  former  will  be  to  that  of  the 
latter  as  9  to  4 

Agam  if  two  bodies  of  equal  weight  are  attached  .to  centres  by 
stiinjjS  ot  hfterent  lengths,  but  perform  the  same  number  of  revoln- 
tions  m  a  given  time,  &eir  centrifugal  forces  will  be  in  proportion  to 
the  lengths  of  the  strings.  Thus,  if  one  be  attached  by  a  string  of 
two  teet,  and  the  other  by  a  string  of  three  feet,  the  centrifugal  forca 
of  the  former  will  be  to  the  centrifugal  force  of  the  latter  as  2  to  3. 

In  general,  if  two  bodies  of*  equal  weight  he  at  different  distances 
from  the  centres  round  which  they  revolve,  and  also  mate  a  different 
number  of  revolutions  in  the  same  time,  then  their  centrifugal  forces 
will  be  as  the  products  found  by  multiplying  their  distances  from  the 
centre  by  the  squares  of  the  Eumber  of  revolutions  which  they  make 

316.  Application  of  whirling'iabh  to  illuslrate  experimentally 
these  theorems.  —  These  conclusions  will  be  experimentally  verified 
by  an  apparatus  called  a  whirling-table,  usually  found  in.  collections 
of  philosophical  apparatus. 

A  part  of  this  instrument  is  represented  vajfig.  64,  where  0  is  a 
metallic  bar,  having  two  upright  pieces _/'_/"  at  its  ends,  in  which  a 
polished  metal  rod  is  fisod  parallel  to  c.  On  this  rod  a  ball  g  slides, 
being  perforated  by  a  hole  corros- 
piinding  to  the  rod.  At  the  centre 
o  is  a  vertical  frame-work,  which 
contains  a  number  of  thin  circular 
weights  ft  placed  one  above  the 
other,  and  supported  on  a  sliding 
stage,  which  ia  capable  of  rjsmg 
and  felling.  At  the  centte  of  the 
weights,  is  a  book,  to  whi^h  two 
3  attached,  which  are  earned  over  grooves  in  the  pulLy  J, 
and  then  pass  over  corresponding  grooves  in  the  lowei  pulley  h, 
from  which  they  are  carried  to  the  ball  g  to  which  they  are  attached. 
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Now  if  the  ballg'be  drawn  along  tbe  rod//' towarda/with  suffi- 
cient force,  the  weights  ft  will  be  raised,  and  the  force  necessary  tjj 
effect  this  may  Ise  inoieased  or  diminished  by  varying  the  number  of 
■weights  at  h.  This  apparatus  has  a  square  hole  at  the  centre  of  its 
lower  part  c,  by  which  it  can  be  attached  to  a  spindle,  by  which  a 
regulated  reyolution  can  be  imparted  to  it.  The  apparatus  is  proYJded 
with  two  such  spindles,  so  that  two  icatruments  like  that  represented 
in  jig.  64.  can  be  fixed  upon  the  (able  and  put  in  rotation  with  any 
required  velodties,  the  number  of  revolutions  which  they  make  in  a 
given  time  having  aoj  desired  ratio  to  each  other.  By  this  apparatus, 
the  centrifugal  force  with  which  the  ball  g  is  affected  can  always  bd 
estimated  by  the  weight  which  such  centnfugal  force  is  capable  of 
raising  at  h.  A  rotatory  motion  is  given  to  0,  such  that  the  centrifu- 
gal force  of  g  is  Just  suffioieat  to  lut  the  weights  k,  but  not  to  carry 
them  to'  the  fflp  of  th^  frame.  When  this  takes  place,  the  centrifu 
gal  force  of  g  will  be  equal  to'  the  weight. 

A  variety  of  conditions  affecting  revolving  bodies  can  he  esamined 
and  determined  by  this  apparatus.  By  varying  the  distance  of  the 
weights  from  the  centres  round  which  they  revolve,  the  centiifugal 
forces  ia  circles  witii  different  radii  can  be  determined,  and  by  vaij- 
ing  the  velocities  of  rotation,  the  effects  of  different  angular  motions, 
or  of  a  different  mimher  of  revolutions  in  a  givep  time,  can  be  ascer- 
tained. By  this  apparatus,  therefore,  the  general  principles  which  have 
been  already  established  respecting  centrifugal  force  can  be  verified. 
Thus  we  cau  show ; 

1st.  That  when  equal  weights  are  at  equal  distances  from  the  cen- 
tres of  revolution,  their  ceatiifugal  forces  will  bo  proportional  to  the 
squares  of  the  numbers  of  revolutions  which  they  make  in  a  ^vea 

2d.  When  they  revolve  in  the  same  time,  then  the  centrifugal 
forces  will  be  la  the  direct  ratio  of  their  distances  from  the  centre. 

Sd.  "When  they  are  at  different  distances  from  the  centre,  and  re- 
volve in  different  times,  then  their  centrifagal  forces  will  be  in  the 
ratio  of  the  products  found  by  multiplying  their  distances  from  the 
centre  by  the  squares  of  the  numbers  of  revolutions  which  they  make 
in  a  fflven  time. 

4th.  But  if  the  weights  be  unequal,  then  let  the  proportion  of  the 
centrifugal  forces  which  they  would  have  if  they  were  equal  be  first 
found,  and  let  the  numbers  expressing  them  he  multiplied  by  the 
numbers  expressing  the  weights ;  the  product  will  then  express  the 
proportion  of  the  centiifugal  forces. 

These  propositions  involve  the  whole  theoi^  of  centrifugal  force. 
817.   The  centrifugal  forces  of  bodies  revolving  in  the  same  time 
round  their  common  centre  of  gravity  are  equal. — If  two  bodies  re- 
volve round  a  common  eecti-e  in  the  same  time,  but  at  difiereut  dis- 
tances ii-om  it,  their  centrifugal  forces  would  be  in  the  proportion  of 
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th^e  disfanoes  if  they  were  equal,  the  body  at  the  greater  distance 
liavicg  a  greater  proportional  centrifugal  force.  But  if  tbe  body  at 
the  lesser  distance  be  increased  in  weight,  so  as  to  exceed  the  other 
in  the  same  ratio  as  the  distance  of  the  other  from  the  centre  of 
gravity  is  greater,  then  the  centrifngil  forces  will  be  eqaal ;  for  what 
the  centrifugal  foioe  of  the  lesser  gams  by  diatance,  that  of  the 
greater  gains  by  weight  Thu^s,  if  one  of  the  bodifs  weigh  thiee 
ounces,  and  the  othei  flye  ounce'),  and  if  tuilhti  the  lattei  be  at  three 
inches  from  the  centie,  the  other  being  at  five  inches  fiom  it,  they 
will  have  the  same  cenfjifugal  force,  piovided  they  revolve  lu  the 
same  time.  This,  which  is  in  important  proposition,  may  be  expeii- 
mentally  proved  by  the  whiiling  table 

Let  A.  and  B,  fig    65 ,  be  two 
^_^  bodies  connected  by  a  wiic,  and  let 

^ — ■!; ■  ■— @  a  point  0  be  taken  upon  tiis  wiie, 

,  position  that  b  0  shall 


Fig.fi 


beai  to  ic  the  same  pioportaon  a 
the  weight  of  A  beirs  to  the  weight 
of  b;  then  let  the  wire  be  attached  to  the  spmdle  of  the  whnlmg- 
.table  at  o,  so  that  the  balls  shall  be  made  to  whnl  round  c  It  wilt 
be  found  that  the  wire  will  miintain  its  position,  although  free  to 
move  in  the  direction  of  its  oftn  length,  ihowing  thit  the  centrifugal 
force  exerted  by  the  gieatei  ball  A  upon  the  wire  in  the  direction  o  A, 
is  equal  to  the  centrifugal  force  eserted  by  the  lesser  ball  b,  npott  the 
wire  in  the  direction  cb.  The  lesser  ball  b,  therefore,  gains  as  much 
centrifugal  force  by  its  greater  radius  B  o,  as  the  greater  A  giuns  by 
its  superior  weight. 

The  point  c,  which  divides  the  distance  between  the  halls  in  the 
inveree  ratio  of  their  weights,  is,  as  has  already  been  shown,  their 
common  centre  of  gravity ;  and  it  therefore  follows,  that  if  two  bodies 
revolve  round  their  common  centre  of  gravity  in  the  same  timo,  they 
will  esert  equal  centiifugal  foi-ces  upon  it. 

318.  Examples  of  centrifugal  force. — Examples  are  presented  of 
the  effects  of  centrifugal  force  in  almost  all  the  motions  which  fall 
within  our  daily  observation. 

319.  Example  I. —  Turning  rapidly  round  a  corner. — A  horse- 
man, or  a  pedestrian  passing  round  a  comer,  moves  in  a  curve,  and 
consequently  suffers  a  centrifugal  force  directed  from  the  centre  of 
the  curve,  which  increases  with  his  velocity,  and  which  impresses  on 
his  body  a  force  directed  from  the  corner.  Ho  reasta  this  force  by 
inclining  his  body  towards  the  comer.  An  animal  made  to  move  in 
a  ring,  as  is  oiistcraary  in  training  horses,  inclines  his  body  towards 
the  centre  of  the  ring. 

320.  Example  n. — Horse  movijig  round  a  circus. — In  all  the 
equestrian  feats  eshibited  in  the  circus,  it  will  be  observed,  that  not 
only  the  horse,  but  the  ridi;r,  inclines  his  body  towards  the  centre. 
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s  the  speed  of  the  horse  round  tio  ring  is  increased, 
tills  inclination,  hecomea  more  considerahle.  When  the  horso  wailtB 
slowly  round  a  large  ring,  the  inclination  of  his  body  is  impercepti- 
ble; if  he  trot,  there  is  a  visible  inclinafion  inwards;  and  if  he 
gallop,  he  inclines  still  more ;  and  when  urged  to  full  speed,  almost 
lies  down  upon  his  side,  his  feet  acting  against  the  partition  which 
separates  the  circus  from  the  adjacent  parts    f  th    th    t 

In  all  these  oases,  the  faots  are  explained  by  d     n^  tb  t  fh 

centrifugal  force  and  the  weight  of  the  h  ra  mp       !  d  t 

gether,  and  form  a  resultant  which  is  directed     p  a  th    g     ml  and 
is  represenfed  bj  the  pressure  of  the  horse's  f    t 

321.  Melhod  of  calculating  Ihe  indinat    n  f  ih    1        t        ds 
the  centre.  —  The  actual  amount  of  the  oe  t  f  onl  f   tt 
proportion  which  it  bears  to  the  weight  of  th      n  n   1 
which  is  moved  in  tbe  ciroJe,  can  be  determin  d  bj  tb 
ready  espliuoed,  if  the  radius  of  the  circle      d  th 
body  moving  in  it  are  known ;  and  from  the     m  y  b 
inclination  which  the  body  of  the  animal  m    t    es  m 
whirled  round  the  circle  without  falling  out 
centrifugal  force. 

Let  c  (fg.  66.)  be  the  centre  of  the  ring  round  which  the  animal 
moves.     Let  C  r  be  its  radius,  f  being  therefore  the  point  at  which 
the  feet  of  the  animal  would  act, 
Tate  the  line  r  A,  perpendicular 
to  F  c,  and  consisting  of  as  many 
inches  as  there  are  pounds  weight 
in  the  animal.     Take  a  b  parallel 
to  F  C,  consisting  of  as  many  inches 
as  there  are  pounds  weight  in  the 
ceufrifugai  force.      Then  r  b  will 
'  represent    the     inclination    which 
fig.  66.  the  animal  must  assume  in  order  to 

prevent  it  from  falling  either  out- 
wards or  inwards.  A  less  inclination  than  this  would  cause  him  to 
fall  outward,  and  a  greater  inwards. 

To  demonstrate  this,  let  the  weight  be  conceived  as  acting  at  b, 
and  to  be  represented  by  B  u,  which  is  equal  to  A  f;  the  centrifugal 
force  is  represented  by  B  A,  and  these  two  forces  combined  will  pro- 
duce a  resulfant  represented  by  the  diagonal  b  f.  If  the  body  of 
the  animal  be  inclined  according  to  this  line  B  F,  then  the  resultant 
will  press  npon  its  feet;  but  if  it  be  inclined  at  a  less  angle,  the  re- 
sultant will  cause  it  to  fall  outwards,  and  if  at  a  greater  angle  it  would 
cause  it  to  fall  inwards. 

If  the  centrifugal  force  be  increased,  as  will  be  the  case  if  the 
animal  moves  with  increased  speed,  then  it  would  be  represented  by 
A  b'  ;  and  the  resultant  of  it,  and  of  the  weight,  would  be  represented 
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hy  b'  r.  Again,  if  the  centrifugal  force  te  further 
represenfeil  by  a  b",  the  weight  being  represented  by  b"  d",  the  re- 
Bultaat  of  these  will  be  repreaeBted  by  b"  f,  which  line  must  then  be 
the  inclination  of  the  body  of  the  animal.  It  is  clear,  then,  ttat  an 
jacreaae  of  the  centrifugal  force,  wliioh  arises  from  increased  speed, 
will  cause  the  body  of  the  animal  to  incline  more  and  more  towards 
tie  centre 'of  the  circle. 

For  example,  if  a  horse  moYB  in  a  ring  of  60  feet  diameter,  with 
a  speed  of  J5  feet  per  second,  the  ratio  of  the  centrifugal  force  to  his 
weight  will  be  thut  of  the  square  of  15,  or  225,  to  60  X  32^,  which 
is  equal  to  1930 ;  the  ratio,  therefore,  of  the  centrifugal  force  to  the 
weight  is  1  to  Si  very  nearly.  We  shall  therefore  find  the  inclina- 
tion corrosponding  to  tbis,  by  taking  A  F  {Jig.  66.)  equal  to  8^  inotes, 
and  A  B  equal  to  1  incli :  tne  line  f  B  would  represent  tlie  inclination 
of  the  horse, 

322.  ESAMFLE  III.  —  Carriage  turning  a  comer.  —  A  carriage 
not  having  voluntai'y  motion  cannot  mate  this  compensation  for  tJie 
distnibing  force  which  is  called  into  existence  by  the 
A    gradual  change  of  direction  of  the  mofion;   conse- 
quently it  will,  under  certain  circumstances,  be  over- 
I   turned,  falling,  of  course   outwards,  or  from    the 
.  coiner     If  a  b  be  the  carriage,  and  0  (Jig.-  67,}  the 
place  at  w&ich  the  weight  is  priacipoUy  collected, 
j  this  point  0  will  be  under  the  influence  of  two  forces ; 
I  the  weight  which  may  be  represented  by  the  perpen- 
dicular c  D ,  and  the  centrUugal  force,  wMch  will  bo 
represented  by  a  line  0  v,  which  shall  have  the  same 
propoition  to  on  as  the  centrifugal  foree  has  to  the 
'  the  e  ml  med  effect  of  these  two  forces  will  be  the 
i  eflcct  of  a  iingle  force  represented  by  c  G.     Thus,  the 
piessure  of  the  carriage  on  the  road  is  brought  nearer 
he  outer  wheel  b.     If  the  centrifugal  force  bear 
same  proporfion  to  the  weight  ss  cf  (or  DB), 
68 ,  bears  to  c  D,  the  whole  pressure  is  thrown 
J  upon  the  wheel  b. 

If  the  centrifugal  force  has  to  the  weight  a  greater 
I  pTOj.  rtion  than   D  B  has  to  C  D,  then  the  line  o  f, 
which  repre'ients  it  (^g.  69.),  will  be  greater  than 
"*  "  D  B      The   diagonal  c  G,  which  represents  the  com- 

^  bine]  effects  of  the  weight  and  centrUugal  force,  will, 

in  thLs  ea?e  pass  outride  the  wheel  b,  and  therefore  this  resultant 
will  be  unre=as(fid  To  peioeive  how  far  it  will  tend  to  overthrow  the 
carnage,  let  the  foree  0  0  be  resolved  into  two ;  one  in  the  direction  of 
c  E,  and  the  other,  c  K,  perpendicular  to  C  B.  The  former,  c  B,  will 
be  resisted  by  the  road,  but  the  latter,  o  k,  will  tend  to  lift  the  car- 
riage over  the  estevnal  wheel.  If  the  velocity  and  the  curvature 
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Fig.  69. 


of  tlie  course  be  contmued  for  a  sufficient  time  to 
enable  this  foice  c  k,  to  elevate  the  weights  so  that 
the  line  if  diiecUoa  shall  fall  on  b,  the  carriage  will 
be  overthrown 

It  IS  eMdent,  frf  m  what  has  beea  now  stated,  that 
the  chances  of  overthiow,  under  these  oircumstaaces, 
depend  on  the  proportion  of  b  d  to  c  D,  or,  what  is 
to  the  same  purpose,  of  the  distance  between  the 
wheels  to  the  height  of  the  principal  seat  of  the  load. 
It  was  shown  in  the  last  chapter,  that  there  is  a 

■tain  point,  called  the  centre  of  gravity,  at  which 


the  entire  weight  of  the  vehicle  and  its  loaxl  may  be  conceived  to  b 
concentrated.  This  is  the  point  which,  in  the  present  inveBtigation, 
we  have  marked  c.  The  seouritj  of  the  carriage,  therefore,  depends 
on  the  greatness  of  the  distance  between  the  wheels  and  the  amall- 
ness  of  the  elevation  of  the  centre  of  gravity  above  the  road;  for  either 
or  both  of  these  circumstances  will  increase  the  proportion  of  b  d 
to  CD, 

S23.  ExiMPLE  IV. —  Slone  in  a  diiig. — If  a  atone  or  other 
weight  be  placed  in  a  sling  whioh  is  whirled  round  by  the  hand  in  a 
direction  perpendicular  to  the  ground,  the  stone  will  not  fall  out  of 
the  sling,  even  when  it  is  at  the  top  of  its  circuit,  and  consequently 
has  no  support  benea^  it.  The  centrifugal  force  in  this  case  acting 
from  the  hand,  whicb  is  the  centre  of  rotation,  is  greater  than  the 
weight  of  the  body,  and  therefore  prevents  its  fall. 

324.  Example  V. — Glass  of  neater  in  a  slitig. — In  like  manner, 
a  glass  of  water  may  be  whirled  so  rapidly,  that  even  when  the  mouth 
of  the  glass  is  presented  downwards,  the  water  will  still  be  retained 
in  it  by  the  centrifugal  force. 

825.  ExAMPtE  VI. — Buclnet  of  water  whirling. — If  a  bucket  of 
water  be  suspended  by  a  number  of  threads,  and  these  threads  bo 
twisted  by  turning  round  the  bucket  many  times  in  the  same  direction, 
on  allowing  the  cords  to  untwist  the  bucket  wiU  be  whirled  rapidly 
(ound,  and  the  water  will  be  observed  to  rise  on  ita  aides  and  sink  at  its 
centre,  owing  to  the  centrifugal  force  with  which 
r  it  is  driven  from  the  centre.  This  effect  might 
le  carried  so  far  that  all  the  water  would  flow 
)ver,  and  leave  the  bucket  empty. 

326.  Case  of  a  body  moving  down  a  convex 
mrfaee. — If  a  body  b  {Jig.  70.)  move  down 
/7d  ^  curved  surface  a  P,  whose  centre  is  at  o,  it 
may  acquire  such  a  velocity  that  the  centrifugal 
force  will  cause  it  to  leave  the  surface,  aud  to  be 
projected  foi-wards  to  the  ground.  The  condi- 
tions under  which  this  would  take  place  are  easily 
explained. 
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Let  tlie  weigiit  of  the  body  lie  expressed  by  B  A,  and  its  centrifugal 
force  by  B  E,  and  let  the  parallelogram  be  completed.  Then  the  dia- 
gonal B  D  will  be  the  resultatit  of  these  two  forces,  and  will  be  the 
line  in  which  the  body  has  a  tendency  to  move.  So  long  as  this  dia- 
gonal forms  an  acute  angle  with  B  0,  the  body  will  remain  on  the 
curved  surface;  but  BO  soon  as  it  forms  a  right  angle  with  £  0,  then 
it  will  become  a  tangent  to  the  surface  and  the  body  will  fall  off. 

327.  Cenlrifkgal  forces  of  a  solid  body  revolving  on  ajixed  axis. 
— The  most  important  classes  of  problems  in  mechanical  science  in 
which  the  p  n  'pi  det-e  m'  'ng  tb  centrifugal  force  are  practically 
applied,  a  th  wh  h  1  te  t  hi  bod  s  revolving  on  an  asia. 
If  a  solid  1  ody  b]  dly  t  htd  round  hole,  in  which  a 
cylindrical  d  is  -ted  d  th  1)  dy  b  made  to  turn  rapidly 
round  th       ad  h  p    t   1      f  matter  composing  the 

body  will         1  1  1       h         ;  all  these  circles  will 

be  deacrib  d        th  t  ra  d  juently  the  centrifugal 

forces  of  th    p    t   1  t  d    p      th  will  be  in  proportion  to 

their  diat  ce  f  m  th  azis  h  d  ta  being  the  radii  of  the 
circles  wh   h  th  y  d        be       p    t     ly  !  it. 

All  th    p    ti  1       f  th    body  wh  h  t  the  same  distance  from 

the  axis  w  U  th  ref  t     j    1  oe  t  fiigal  forces  upon  it,  and 

those  whi  h  t         te    1  tance   will         t  centrifugal  forces  pro- 

portionally g  t  th  th  t  1  d^ta  es.  The  particles  dis- 
tributed r  It!  w  U  p  d  f  directed  from  the  axis  in 
the  direct  fppdil  tgthm  with  the  ases  respec- 
tiyely. 

Now  it  is  evident  that  as  many  different  forces  will  thus  be  exerted 
upon  the  axis  as  there  are  different  particles  of  matter  composing  the 
mass  of  the  revolving  body. 

Four  cases  are  presented  which  may  arise  in  the  combination  of 
these  forces. 

S28.  First  ease,  in  which  ike  centrifugal  forces  are  in  eguili- 
hriwn. — They  may  be  in  eimlibnum  that  is  to  «aj  the  centrifugal 
'  forces  exerted  by  all  the  particles  oomposing  the  body  oa  the  asis 
may  neutralize  each  othpr  In  this  case  the  axis  would  suffer  no 
strain  in  consequence  of  the  centnfugal  fore  3  lud  the  body  would 
spin  round  it  without  jrodni^ing  any  effect  upm  it 

In  such  a  case,  if  the  axis  were  withdrawn  from  the  hole  in  which 
it  is  inserted,  the  body  would  atill  continue  to  spin  is  before  because, 
since  the  asis  suffered  no  piessure  ir  strain  from  the  levDlvmg  mat 
ter,  its  presence  or  alaence  can  make  no  diffeience  in  the  motion 

329.  Second  case,  m  tohtc/i  theii  have  a  'ingle  lesullant — The 
centrifugal  forces  produced  by  the  particles  of  the  levohing  mass 
may  be  such  as  to  be  repiesented  by  1  single  force  apphel  at  some 
point  of  the  asis,  and  it  right  angles  to  it  In  this  ca^e  the  axis 
will  suffer  a  corresponding  piessuie  or  stiwn  at  this  point      If  this 
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point  could  be  fixed,  tte  remajnder  of  the  asis  miglit  m  ttat  ease  be 
withdrawB,  beoauae,  since  uo  otlier  point  of  it  suffers  any  strain  from 
tho  effect  of  the  motion,  its  presence  or  absence  oaa  pi-oduoe  uo  dif- 
ference in  the  motion. 

330.  Third  case,  in  wltiah  tlvty  are  equivalent  to  a  couple. — The 
centriftigat  forces  may  be  such  that  fieir  combined  effect  cannot  be 
represented  by  a  single  force,  but  may  be  ^presented  by  two  equal 
or  paraDel  forces  aotmg  on  two  different  points  of  the  axis,  and  in 
contrary  directions.  This  combination  is  what  has  been  already  called 
a  couple,  and  its  effect  ia  to  twist  the  axis  round  some  point  inter- 
mediate between  the  two  contrary  forces.  In  this  case  tlie  asis  could 
not  be  withdrawn  unless  two  fixed  points  were  providedj  representing 
the  points  to  which  the  opposite  forces  of  the  couple  ai«  applied. 

331.  Fourth  case,  in  tehich  they  have  the  effect  of  a  single  force 
and  a  couple  combined. — The  combination  of  forc^  produced  by  the 
revolving  matter  may  be  such  as  to  be  incapable  of  being  represented 
either  by  a  single  force  or  by  a  couple.  lu  this  ease  it  can  he  proved 
that  their  combined  effects  will  be  represented  by  a  angle  force  and 
a  couple  talien  together.  The  effect,  in  such  a  case,  is  a  pressure 
upon  the  axis  at  right  angles  to  its  length  at  the  point  where  the 
single  force  is  placed,  and  a  tension  or  twist  produced  at  the  same 
time  by  the  couple. 

These  are  all  the  possible  cases  which  can  be  presented  by  a  solid 
body  revolving  on  a  fixed  asis. 

332.  Examples  of  the  application  of  these  principles. — Their 
complete  analysis  and  demonstration  would  require  the  use  of  the 
principles  and  formnl^e  of  the  higher  parts  of  mathematical  science, 
the  introduction  of  which  wbuid  not  be  suitable  to  the  purpose  of  the 
present  treatise.  "We  shall  therefore  limit  ourselves  to  some  ex- 
amples which  will  convey  a  suffioientiy  clear  notion  of  the  general 
effects  produced  by  the  rotation  of  solid  bodies  oa  fixed  axes. 

333.  Example  I. — A  ring  revolving  round  its  centre  in  its  own 
plane. — If  a  series  of  particles  of  matter  placed  in  the  circumference 
of  a  circle  are  made  to  revolve  by  a  common  motion  round  an  axis, 
passing  through  such  circle  and  perpendicular  to  its  plane,  their  cen- 
trifugal forces  will  be  evidentlv  m  equilibrium,  and  no  pressure  on 

the  ixia  will  le  produced.     A  circular  series 

if  such  particles  IS  represented  iajig.  71.  :  the 

radii  rej  lesent  the  direction  of  the  centrifugal 

I  forces  wh  ch  aie  all  equal,  because  the  par- 

i  equi!  and  the  distances  from  the 


It  IS  evident  on  inspection  that  theso  forces 
equili!  rate  round  the  centre,  and  that  the  cen- 
tial  point  theiefoie,  would  suffer  no  pressure 
in  one  direction  rather  than  in  another. 
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S34.  Example  11. — Jl  fiat  circular  plate. — Aflat  oivcular  plate 
of  uaiform  thickness  and  density  may  be  conadered  as  conaisfing  of 
a  aeries  of  conoeatrioni  rings  of  suoh  particles.  If  such  a  plate  be 
revolved  round  an  axis  passing  through  its  centre,  and  perpendicular 
to  its  plane,  the  centrifngai  forces  of  the  particles  will  be  ia  equili- 
brium, and  DO  pressure  will  be  produced  on  the  axis. 

335.  Example  III, — A  cylinder  revolving  round  Us  geometrical 
axis. — A  cylinder  may  be  coMidered  aa  composed  of  a  number  of 
such  circular  plates  placed  one  apon  the  other,  and  the  axis  of  the 
cylindar  will  he  the  line  formed  by  the  centres  of  these  plates.  If 
such  a  cylinder,  therefore,  revolve  round  its  asis,  the  centrifugal  force 
of  its  muss  must  be  iu  equilibrium,  because  each  separate  plate  oeing  in 
equilibrium,  the  entire  pile  would  necessarily  also  be  in  equilibrium. 

336.  Example  IV.  —  ^  solid  of  revolution  revolving  rownd  Us 
gRomelrical  axis. — There  ia  an  extensive  and  important  class  of  solid 
bodies  having  a  geometrical  form,  which  ^ves  to  their  axes  this  pro- 
perty.    They  are  called  solids  of  revolution. 

Let  ABT),j%.  72.,  be  a  triangle  with  a  right  angle  at  A.  If  this 
be  supposed  to  revolve  round  the  side  Ab  as  an  asis,  it  will  by  its 


Fig.  11. 


Fig.  73.  Fig,  74. 

revolation  generate  a  solid  called  a  cone;  that  is  to  say,  the  space 
through  which  it  would  pass  as  it  revolves,  and  which  it  would  in- 
clude within  its  sides  in  revolving  if  filled  by  any  solid  matter,  would 
form  a  cone. 

If  a  right-angled  parallelogram,  ^g.  73.,  revolve  round  its  side 
AB,  it  would  generate  in  the  same  way  a  cylinder. 

If  a  triangle  ABDffig.  7.4.,  revolve  round  a  side  ab,  not  adjacent 
to  a  right  angle,  it  would  generate  the  double  cone. 

If  a  semicircle  (fig.  75.)  revolve  round  its  diameter  An,  it  would 
generate  a  sphere  or  globe. 

If  a  semi-ellijffic  (fig.  76.)  revolve  round  its  shorter  asis  ab,  it 
would  generate  an  oblate  spheroid,  being  a  figure  resembling  an 
orange  or  a  turnip. 

If  a  semi-elhpae  {fig.  77.)  revolve  round  its  longer  axis,  it  would 
it  prolate  spheroid,  being  a  figure  I'eeemming  an  egg,  only 
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Wow  it  is  evident,  that  in  these  and  all  solid  bodies  whose  figures 
are  determined  l)j  the  same  principle,  all  Bectiona  made  by  planes 
perpendicular  ia  their  axes  o£  retolutioQ  are  circles  through  the 
centre  of  which  suck  axes  pass.  Since  the  centrifugal  forces  of  the 
particles  of  matter  composing  each  of  such  sections  are  in  equilibrium, 
the  centrifugal  force  of  the  entire  mass  of  the  body  is  necessarily 
also  in  equiubrium,  such  mass  being  composed  of  these  several  seo- 
Ijons.  The  body,  in  abort,  may  be  considered  to  be  made  np  of  a 
number  of  circular  plates  laid  one  upon  another,  vaj-yiug  in  their 
diametflr  according  to  the  form  of  the  body. 

If  a  solid  of  revolution,  therefore,  be  made  to  revolve  upon  Its 
geometrical  axis,  the  centrifugal  forces  of  its  mass  will  be  in  equili- 
brium, and  no  pressure  or  strain  whatever  will  take  place  upon  its 


337.   Case  of  soUds  which  have  a  symmetrical  axis. 
reasoning  will  be  apphoable  to  all  solids  which  have  a 


-The  aama 
L  axis  round 
1  the  particles  of  such  section  made  by  a  perpendicular  plane 
are  so  arranged,  that  every  particle  of  matter  at  one  aide  has  a  coi^ 
responding  particle  at  an  equal  distance  at  the  other  dde;  for  in  thia 
ease,  every  pair  of  such  equidistant  particles  will  exert  equal  and 
opposite  centrifugal  forces  on  fie  asia, 

A  great  number  of  solid  bodies,  inelnding  the  class  of  solids  of 
revolution  deaoribed  above,  fulfil  this  condition. 

If  the  sections  of  a  solid  be  all  equal,  and  have  any  regular  geo- 
metrical figure  having  a  point  within  it  forming  its  gecmetrica]  eeutte, 
and  through  which  all  lines  drawn  are  bisected,  then  such  a  soliii 
participates  ia  the  above  property,  and  the  centrifugal  forces  of  ita 
jnasa  when  revolving  round  such  an  axis  will  neutralize  each  other. 

338.  Case  of  a  reataTigular  ^rism. — A  column  formed  by  laying 
one  upon  another  equal  flat  plates  of  the  same  figure  has  this  pro- 
perty.    Such  a  column  is  called,  in  geometry,  a  rectangular  prism. 

339.'  Case  of  a  pyramid.  —  A  pyramid  formed  by  lajing  upon 
each  other  similar  plates  not  equal,  but  diminishing  gradually  in 
magnitude  will  have  the  same  property. 
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It  follows,  tterefore,  that  the  axes  of  ths  rectangular  prisms  and 
pjrii.raid.3  whose  haaea  have  a  centre  of  Magnitude,  enjoj  tlie  ahovc 
property. 

340.  Case  of  axis  of  revolution  passing  Ihrough  the  centre  of 
gravily. — It  will  be  observed,  that  the  axis  tound  which  the  centri- 
fuga,!  force  squiEbratM  in  the  esaroples  given  above,  will  pass  through 
tlie  centre  of  gravity  of  the  bodies  ia  questioii.  It  may  therefore  be 
asked,  whether  Buoh  property  belongs  to  all  lines  whatever  passing 
through  the  centre  of  gravity  of  a  body;  that  is  to  say,  whether,  if 
a  body  is  made  to  revolve  upon  an  axis  passing  through  its  centre  of 
•  gravity,  the  centrifugal  force  will  be  in  equilibrium,  and  whether 
Bucb  axis  will  be  free  from  strain  or  pressure. 

It  is  easy  to  show  that  this  will  not  be  the  case  in  general,  and 
that  it  is  only  certan  lines  passing  through  the  centi'o  of  gravity 
which  have  the  property  above  meationed. 

If  a  rectangular  plate  having  unequal  sides,  A  B  and  B  c,Jig.  78., 
be  made  to  revolve  round  a  line  M  N,  passing  through  the  middle 
points  of  the  opposite  sides  A  B 
and  D  0,  the  centrifugal  forces 
will  be  in  equilibriuui,  because 
ev«ry  point  on  tho  one  side  of 
r  N  h  a  ^  cor  e  pond  ng  po  nt  at 
1   1  bt  u  e  on    he  othei 


1  Idle 


le 

In  1  Le  manne  the 
pa  ng  thro  gh  the 
ponta  of  the  sdes  ad 
w  uld  enjoy  a  like  p  op  rty 

B  t    f  any  other  1 1 
1    ¥C    be  drawn  th  ougb  tbe 
en   e  of  g  nty  0  and  the  j  late 


such 


i  force  will  n 


line,  then  it  will  be  evident  that  the  o  nt  ifuga 
equilibrium.  For  th  ough  a  po  at  such  as  e  let  a  1  ne  P  G  be  drawn 
perpendicular  to  the  as  s  P  Q  Th  s  1  ne  P  G  w  1!  be  d  de  1  nto  un 
equal  parts  at  E,  and  the  centrifugal  force  produced  by  the  particles 
between  E  and  F  will  be  greater  than  tbe  centrifugal  forces  produced 
by  the  particles  between  e  and  G.  The  same  will  be  true  of  all 
linos  drawn  perpendicular  to  0  P ;  and  the  combined  effect  of  all  the 
centrifugal  forces  acting  in  that  part  of  the  axis  between  o  and  p, 
will  be  to  produce  a  greater  strain  on  the  side  of  the  angle  A  than  ou 
the  side  of  the  angle  d,  and  the  centrifugal  force  will  have  a  resultant 
directed  towards  the  sideof  the  angle  A.  By  the  same  reasoning  it  may 
be  showu  that  the  centrifugal  forces  of  that  part  of  the  plate  which  is 
below  K  L,  will  have  a  resistant  directed  to  the  side  of  the  angle  C, 
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and  this  resultant  will  be  equal  to  the  resultant  f  the  centiifug^l 
forces  above  K  T.,  directed  to  the  side  of  the  angle  A 

It  follows,  therefore,  that  the  axis  pq  round  which  the  plate  re- 
Tolvea  will  he  affected  by  forces  ha\ing  two  resultants  paiallel  to  each 
other  and  in  opposite  directions  jne  perpendicuiir  to  o  P,  and  d  lect 
ed  towards  the  side  A,  and  the  other  perpcndiiukr  to  OQ,  and  direol> 
ed  towards  the  side  0, 

These  two  forces  form  i  ecuple,  and  have  a  tendency  to  turn  the 
asis  of  revolution  towards  the  posilion  mn,  ao  repie^entel  by  the 
arrows  in  the  digram. 

341.  Cenfrifugal  forca  round  such  an  a3:%s  are  either  m  equih- 
Iiritim  or  are  equivalent  to  a  couple  — This  property  is  general,  al 
though  it  eanaot  be  demonstrate!  la  all  ita  unnei=ility  without  the 
aid  of  the  language  and  piinciplea  ot  the  higher  lualysiB 

It  may  be  stated  thus  — 

In  all  bodies  whatever,  there  are  three  lines  passing  through  the 
centre  of  gravity  which  ire  at  right  inglea  to  each  othet,  each  of 
which  is  so  placed,  in  reference  to  the  mass  of  the  body,  that  the 
centrifugal  forces  produced  by  the  levolution  of  the  body  round  them 
respectively  will  be  in  equilibrium,  and  such  lines  when  the  body 
revolves  round  them,  will  suffer  no  strain  or  pressure 

But  if  the  body  be  made  to  revolve  round  any  other  line  fassmg 
through  the  centre  of  giavity,  the  centnfugal  force  will  produce  a 
strain,  which  will  be  represented  by  two  equal  opposite  and  parallel 
forces  acting  upon  the  axis  at  opposite  sides  it  the  centre  of  gravity, 
and  having  a  tendency  to  tuia  the  axis  in  the  position  of  one  or 
other  of  the  three  axes  of  equilibrium  hLie  mentioned 

342.  ^xes  of  centrifugal  equilihrmm  called  principal  a3.es  — 
An  axis  round  which  the  centnfugal  foice  equilibrates  is  called  a 
principal  axis;  and  from  what  has  been  explained,  it  appears  that 
there  are  three  principal  axes  through  the  centre  of  gravity  at  right 
angles  to  each  other. 

343.  Case  in  which  all  lines  through  centre  of  gravUy  are  prin- 
cipal axes.  —  There  are  some  particular  oases  in  which  every  line 
passing  through  the  centre  of  gravity  is  a  principal  axis;  such,  for 
example,  is  the  case  with  a  Sphere  or  globe  of  uniform  density.  Such 
a  solid,  whatever  diameter  it  may  revolve  round,  will  be  a  solid  of 
revolution,  and  the  sections  perpendicular  to  such  diameter  will  be 

The  same  principle  is  true  of  all  the  regular  solids.  All  lines,  for 
example,  passing  through  the  centre  of  a  cube  are  principal  axes. 

344.  Case  of  an  axis  of  revolution  parallel  to  a  principal  axis 
through  the  centre  of  gravity.  —  If  a  solid  be  made  to  revolve  round 
an  axis  which  docs  not  pass  through  the  centre  of  gravity,  but  which 
is  parallel  to  one  or  other  of  the  principal  axes  passing  through  that 
point,  the  centrifugal  forces  will  oof  equUibrate  round  such  axis,  but 
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they  will  be  representee!  by  a  single  force  p    f     1     1  1 

pasaing  through  the  centre  of  grsTity, 

345,  Such  axis  called  also  a  principal  a       — S    Ii 
called  a  principal  asis,  and  in  general  there  ah  h 
responding  with  such  points  taken  in  the  boly     h   h         p  nil  I 
respectively  to  the  principal  asis    passing    h      gh  th  f 
gi'avity. 

346.  Three  principal  axes  at   right  angl  hip 
through  each  point.  —  It  may  therefore  be  sta.    I        g         1    h      if 
any  point  in  a  body  be  taken  different  from    h          tre    f  gr     y 
there  are  three  lines  passing  through  it  at  righ         1  h     h 
round  each  of  -which,  if  the  body  is  made  to         1              ff  U 
be  produced  by  the  centrifugal  forces  which        b       p            d  by 
single  force,  perpendicidar  to  the  ciroumferen           1  pas     g  hi      h 
the  centreof  gravity. 

347.  Efect  of  revolution  round  a  line  which  is  not  a  principal 
axis. — If  the  body  be  made  to  revolre  round  any  line  passing 
through  a  ^ven  point  in  it  which  is  not  a  principal  asis  in  the  sense 
just  referred  to,  th  n  th  nt  'f  al  forces  produced  by  euoh  revolu- 
tion cannot  be  r  p  ese  d  h  by  a  single  force  or  by  a  pair  of 
equal  and  oppoai  p  a51  1  f  but  will  be  represented  by  botli  of 
those  together.  Th  h  f  is  the  character  of  all  axes,  round 
which  a  body  would  m  wh  h  do  not  pass  through  the  centre  of 
gravity,  and  are  n  pa  11  1  to  her  of  the  principal  a^ses  passing 
through  that  poin 

348.  Experii  et  al  Uu  aw  s  of  these  properties.  —  Many  of 
these  important  p  p  adra  of  bemg  espeiimentally  illustrated 
in  a  very  strikin    n  ann     by  a    mple  apparatus. 

Let  a  body  be  usp  nd  d  b  a  thread,  or,  better  still,  by  a  skein 
composed  of  several  threads,  from  a  fixed  point,  Let  this  fised  point 
be  so  arranged,  that  a  rapid  rotatory  motion  may  be  given  to  it.  This 
rotatory  motion  will  soon  be  imparted  to  the  body  suspended  to  the 
threads  by  the  twisting  of  the  skein,  and,  after  a  time,  the  rotation 
of  the  body  will  become  estremely  rapid.  It  will  first  take  place 
round  the  line,  passing  vertically  through  it  in  the  direction  of  the 
skein,  when  it  hangs  quiescent.  K  this  line  happen  to  be  one  of  the 
principal  ases  passing  thi-ough  its  centre  of  gravity,  it  will  continue 
to  revolve  round  it;  but  if  it  be  not  one  of  these  principal  axes,  the 
centrifiigal  force,  as  has  been  already  explMned,  will  produce  an  effect 
upon  it,  represented  by  two  equal,  opposite,  and  parallel  forces  tend- 
ing to  twist  it.  This  effect  will  bo  soon  rendered  manifest  in  a  re- 
niiirkaible  manner  :  the  body,  when  it  revolves  rapidly,  will  not  con- 
tinue in  the  same  position  which  it  had  when  it  was  quiescent.  I^e 
line  which  was  in  the  direction  of  the  string  will  begin  to  take  another 
direction,  the  point  where  the  sti-ing  is  attached  to  it  will  not  remain 
in  its  first  position,  and  the  body  will  throw  itself  into  a  position  more 
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or  less  at  right  angles  to  tte  string,  and,  in  a  word,  will  at  length, 
after  the  vevdving  motion  has  become  sufficiently  rapid  and  continued, 
assume  such  a  position,  that  a  primapal  asia,  passing  through  its  cen- 
tre of  gravity,  will  heoome  vertical,  and  the  body  will  spin  round  it, 

It  is  evident,  therefore,  that  this  effect  takes  place  in  spite  of  the 
opposing  influence  of  the  gravity  of  the  hody ;  for  in  the  new  poation 
which  the  body  assumes,  its  centre  of  gravity  ceases  to  be  rejresented 
by  the  slieia.  This  experiment  may  he  varied  in  a  gieat  variety  of 
ways,  eshibiting  most  instructive  and  amnsin^  effects. 

If  a  mefallic  ring  be  suspended  by  the  skein  by  heing  attached  to 
a  point  in  its  side,  the  ring  when  quiescent  will  hang  with  its  plane 
vertieal;  but  when  the  rotation  becomes  rapid,  the  ring  will  thiuw 
itself  into  a  horizontal  position,  and  will  spin  round  a  ■vertical  asis 
through  its  centre,  and  perpendicular  to  its  plane. 

If  the  experiment  he  made  with  an. oblate  spheroid  suapenled  by 
a  point  p  0g.  79.)  in  its  equator  pq,  its  shorter  axis  ab  being 
horizontal,  jt  wEl,  when  it  acquires  a  rapid  motion,  take  the  positioa 
represented  inj%.  80.,  in  which  the  shorter  asis  ab  is  vertical,  and 
the  equator  p  Q  horizontal,  and  it  will  spin  in  this  position  round  the 
principal  asis  A  b,  although  tlie  centre  of  gravity  c  is  unsupported  by 
the  string. 


Fig.  79. 


Fig.  8 


If  a  cylindrical  rod  ab  (^g.  81.)  be  suspended  by  a  point  at  tho 
centre  of  one  of  its  ends,  and  a  rapid  revolution  be  imparted  to  it,  it 
will  not  continue  in  thi,?  position,  but  will  BEaurao  tho  position  repre- 
sented in  fe.  82.,  in  which  its  length  will  bo  horizontel,  and  it  will 
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revohe  round  an  asis  passing  through  its  centre,  and  at  right  angles 
to  the  length. 

If  a  metallic  chain,  the  ends  of  which  are  uniteiJ,  as  in  a  neotlace 
or  hracelet,  be  suspended  from  any  poiat,  and  put  in  rapid  reyolu- 
tion,  the  chain  will  at  first  make  some  irregular  gyrations  but  afMr 
a  time  it  will  gradually  open,  and  settle  itaelt  into  the  torra  of  a  pre 
rise  circle,  the  plane  of  which  will  be  horizontal,  and  the  stnng  will 
then  be  attached  to  a  point  in  this  oiiile  In  short,  tht,  chain  will 
assume  the  form  of  a  solid  ring  in  a  horizontal  [lane 


349.  TVie  pores  of  ladies  the  region  of  molecular  forces. — It  has 
been  demonstrated  in  a  former  chapter,  that  the  apace  included  within 
the  csfernal  surface  of  a  body  is  not  all  occupied  by  the  matter  com- 
pjsiug  that  body  We  have  leen  that  bodies,  however  dense  or  pon 
dprous,  arc  capable  of  being  diminished  m  their  vclnme  by  compres- 
sion, 01  by  diminution  of  tempentwe  It  folliws,  therefore,  that 
the  component  p^rtiolei  forming  the  maai  of  t  body  of  a  uaifoim 
denoity  ait  unitormly  distributed  throughout  its  lolunia  eich  pai 
tide  being  separated  from  those  around  it  by  a  i^ace  of  grtatei  oi 
!ess  extent  uaoccupied  by  matter 

These  mtflrstitial  spaces  are  the  legions  which  form  the  theatre  of 
action  of  those  important  physical  agents  called  molecular  forces. 

A  multitude  of  phenomena,  familiar  to  aU  observers,  show  that 
between  the  particles  which  compose  the  mass  of  a  body,  there  exist 
attractive  or  repulsive  forces,  the  sphere  of  whose  action  is  in  general 
limited  to  distances  imperceptible  to  the  senses,  and  which  only  ad- 
mit of  being  proved  by  indirect  means. 

350.  Attraetiim  of  cohesion. — The  qualities  of  solidity  and  hai'd- 
nc^,  and,  in  general,  those  properties  by  Which  a  body  resists  fracture 
or  flexure,  or  any  other  derangement  of  its  form,  arise  from  the 
energy  with  which  its  component  particles  attract  each  other,  and 
resist  any  force  which  tends  to  separate  them. 

Molecular  attrac&n  manifested  in  this  manner  is  called  the  attrac- 
tion of  cohesion. 

351.  Attraction  of  adliesinn.  —  If  the  surfaces  of  two  bodies  be 
brought  into  very  close  contact,  it  is  found  that  they  cannot  be  sepa- 
rated without  the  exertion  of  some  foi-ce  of  greater  or  less  intensity, 
according  fo  the  circumstances  of  the  contact. 

Molecular  force  manifested  in  this  manner  is  called  the  attraction 
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852.  Capillary  aUraetion.  —  Certain  bodies  being  placed  iu.  con- 
tact with  a  fluid,  the  fluid  will  enter  their  dimensions  and  cicoupy  their 
jiores;  as,  for  example,  when  a  sponge  or  a  lump  of  sngar  is  brought 
iu  contact  with  water. 

The  fluid  in  these  cases  rises  in  opposition  to  ita  gravity,  and  fiUa 
11  tte  nter=t  ces  of  the  &\  onge  o   the  sugjr 

M  leeular  force  manifeste  1  n  th  s  mannei  is  called  capillary  at- 
t  a  t  on  * 

35^  Che  aeal  affi,  y  — When  two  bol  ea  of  lifferent  kinds  are 
m  \e  1  together  the  r  eonstit  ent  pa  t  1     w  11  in    ertain  cases  unite, 

d  f  rm  by  the  r  con  b  not  on  the  const  tuent  p  rtiolea  of  a  oom- 
\     ad    d  fte  ug    n    ts  sen  ble  qu  1 1  e    from  e  ther  of  the  coni- 

F  r  esa  nfle  t  two  gases  called  oxygen  an  1 1  ydrogen  be  mixed 
t  ^  ther  n  1  c  -tarn  pr  j;  o  on  and  a,  hght  be  applied  to  the  mix- 
ture, an  explosion  will  take  plai« ,  the  atoms  of  the  two  gases  will 
unite  one  with  another,  and  the  entire  mass  will  be  converted  into 
water,  the  weight  of  the  water  being  exactly  equal  to  the  sum  of  the 
weights  of  the  two  gases. 

In  this  case,  each  atom  of  the  oxygen  is  attracted  by  an  atom  of 
hydrogen,  and  their  combination  forms  an  atom  of  water. 

Molecular  attraction  manifested  in  this  manner  is  called  chemical 
attraolJon,  or  chemical  affinity. 

364.  The  atoms  of  bodies  manifest  boik  aitraelim  and  repulsion. — 
It  has  been  shown  that  all  bodies  submitted  to  the  action  of  mechani- 
cal forces  of  sufEoient  energy,  are  capable  of  being  compressed  and 
diminished  in  their  volume.  By  such  means,  therefore  their  com- 
ponent particles  ai-e  forced  into  oloaer  proximity. 

But  all  of  these  resist  such  compression  with  a  c  ta  n  f  and 
most  of  them  have  a  tendency  to  recover  the  volume  wh  h  tl  y  had 
before  compression. 

This  general  fact  indicates  the  existence  of  anoth     f  it     y 

in  its  direction  to  the  attraction  of  cohesion,  the  sph        f  wh  se  ac- 
tion ia  within  that  of  the  latter  attraction.    To  expla  n  th     ph  n  m 
non,  we  are  compelled  to  suppose  that  each  atom  composing  a  body 
is  surrounded  with  a  sphere  of  repulsion  within  which  adjacent  atims 
cannot  enter  unless  urged  by  a  certain  force. 

But  outside  this  sphere  of  repulsion  there  exists  the  sphere  of 
attraction,  by  which  such  atoms  attract  all  the  surrounding  atoms, 
which  gives  the  character  of  solidity  and  hardness  to  the  mass. 

355.  Cohesion  manifested  in  solids  and  liquids.  —  The  attraction 
of  cohesion  is  manifested  in  solid  bodies  by  the  force  which  ia  neces- 

*  So  called  from  cayitlus,  a,  hair;  tlia  magnitncle  of  the  pores  being  in 
this  oaee  eatimateil  at  about  the  thickness  of  a  hair. 
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sary  to  derange  tliBir  form  by  fracture  or  flexure,  or  by  any  other 
cliange  of  figure. 

Tiie  same  force  is  manifested  in  liquids  in  their  tenilenoy  to  form 
into  spherical  drops,  ft  glohe  being  the  greatest  volume  which  can  he 
contained  within  a  mven  surface. 

356.  Example  of  co!iesi(m. — Thus  particles  of  water  falling  in  the 
atmosphere  atb'act  each  other,  and  oolleot  in  spherules,  forming  rain, 
If  such  spherules  after  (lieir  formation  be  exposed  to  cold,  they 
harden  and  form  hailstones. 

If  a  little  mercury  be  let  fall  on  a  sheet  of  paper,  it  will  collect  in 
small  silveiy  globules,  notwithstanding  the  tendenoj  of  the  gravity 
of  its  particles  to  make  it  spread  over  the  paper  in  fine  dust. 

Innumerable  examples  present  themselves  of  this  class  of  pheno- 
mena. The  tear  as  it  falls  from  the  eye  collects  in  a  spherule  upon 
the  check;  the  dew  forms  a  translucent  globule  on  the  leaves  of 


357.  Shot  manufacture.  —  The  manuiacture  of  i 
of  the  most  striking  examples  of  this  phenomenon  in  the  arts.  The 
lead  in  a  state  of  msion  is  poured  into  a  sieve,  the  meshes  of  which 
determine  the  magnitude  of  the  shot,  at  the  height  of  about  two 
hundred  feet  from  the  ground.  The  shower  of  liquid  metal,  after 
passing  through  the  sieve,  forms,  like  rain  in  the  atmosphere,  into 
spherules,  wHch  before  they  reach  the  ground  are  cooled  and 
solidified. 

These  spherules  form  the  common  shot  used  in  sporting,  and  the 
precision  of  their  spherical  form  shows  how  regularly  the  liquid  obeys 
the  geometrical  law,  that  a  sphere  contains  the  greatest  volume  within 
a  given  surface. 

358.  Why  liquids  form  spherical  drops. — This  dispraition  of 
fluids  to  affect  the  spherical  form  may  be  further  oluddated  in  con- 
sideiiug  that  any  other  figure  which  a  body  could  take  would  neces- 
sarily place  difierent  parts  of  its  surface  at  different  distances  from  its 
central  point,  a  oircnmstance  which  would  bo  incompatible  with  the 
corabinod  qualities  of  attracljon  of  cohesion  and  fluidity. 

By  fluidity,  all  the  particles  forming  the  mass  are  free  to  move 
amongst  each  other,  and  by  tie  attraction  of  cohesion  they  ai-e  drawn 
round  their  common  centre  with  the  same  force.  To  suppose  that 
they  could  rest  at  difierent  distances  from  their  common  centre,  would 
necessarily  involve  the  supposition  either  that  the  attraction  by  which 
they  are  afleoted  was  unequal,  or  that  the  mass  had  not  perfect 
fluidity. 

This  principle,  which  is  so  evident,  may  be  inverted,  and  we  may 
assume  that  in  all  cases  where  natural  bodies  are  found  in  the  spheri- 
cal form,  even  though  they  be  solid,  they  must  have  been  at  the 
epoch  of  tiieir  formation  in  a  fl.uid  state. 

359.  The  earlJiimd  vlaneti  ineTe  once  fluid.  —  Hence  it  is  inferred 
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ttat  tie  earth  and  tie  other  bodies  of  the  solar  system  were  once 
fluid,  and  that  our  glohe  existed  formerly  in  the  universe  in  a  liquid 
state. 

360,  Mutual  repulsion  of  the  atoms  of  gas.  —  In  certain  classes 
of  bodies  the  sphere  of  repulsion  which  surrounds  their  particles  is 
so  extensive  that  the  effect  of  cohesion  caanot  he  directly  manifested. 
This  is  the  case  with  air  and  all  bodies  iu  the  gaseous  form. 

If  a  quantity  of  air  be  included  in  a  cylinder  under  a  piston,  and 
the  piston  he  drawn  upwards  so  as  to  increase  the  volume  of  the  cylin- 
der in  a  doubled  proportion,  the  air  will  not  remain  occupying  ita 
former  volume,  as  a  liquid  would  do,  but  it  will  expand  and  fill  the 
double  volume  under  the  piston.  This  effect  is  produced  by  the 
expansive  force  prevailing  among  the  particles  of  the  air.  When  the 
piston  is  raised,  a  yaeuma  would  be  left  between  the  surface  of  the 
air  and  that  of  the  piston.  The  repulsive  force  prevailing  among  the 
particles  of  the  air  being  unresisted,  fates  efieot,  and  the  particles 
separata,  the  air  expanding  into  a  double  volume.  In  this  case  it 
must  be  concluded,  that  the  vacant  spaces  between  the,  particles  of 
air  are  twice  as  great  aa  they  were  before  the  piston  was  raised.  If 
the  piston  be  again  raised  to  double  its  present  height,  (he  same  effect 
will  take  place.  The  air  will  again  expand  in  virtue  of  the  repulsive 
force  prevailing  among  its  particles,  and  the  interstitial  spaces  separalr 
iiig  the  particles  will  be  proportionably  augmented. 

There  is  ao  known  limit  to  this  expansive  quality,  and  it  conse- 
quently follows  that  the  region  through  which  the  repulsive  forces  of 
^iises  act  has  a  corresponding  extent. 

361.  Gases  may  be  reduced  to  the  liquid-,  and  even  to  the  solid 
slate.  —  By  the  combination  of  mechanical  pressure  and  cold,  several 
of  the  gases  have  been  reduced  to  the  liquid  state,  and  analogy  justi- 
fies the  conclusion,  that  all  gaseous  bodies  are  capable  of  this  change. 
la  the  liquid  state,  the  attraction  of  cohesion  is  rendered  manifest, 
as  has  been  already  shown.  But  we  have  a  sliil  further  evidence  of 
the  attraction  of  cohesion  amongst  the  particles  of  gases,  inasmuch 
as  some  of  them  have  been  reduced  to  the  solid  state ;  and  by  analogy 
we  may  conclude  that  all  are  capable  of  this  change.  It  has  been 
already  shown  that  the  solid  state  is  only  a  consequence  of  the  attrac- 
tion of  cohesion. 

362.  The  existence  of  the  attraction  of  cohesion  between  their 
atoms  inferred.  —  These  and  other  phenomena  lead  to  the  eoncluBion, 
that  in  this  case  of  the  gaseous  bodies,  there  is  beyond  the  sphere  of 
cohesion  a  sphere  of  repulsion.  When  the  particles,  either  by  the 
application  of  cold  or  compression,  or  both  of  these  agencies,  are 
brought  into  such  close  contact  as  to  be  within  the  sphere  of  cohesion, 
then  they  become  a  liquid  or  solid,  as  the  case  may  be. 

363.  Mutual  repulsion  ascribed  to  the  influence  of  heat. — The 
mutual  repuWou  found  to  prevail  among  the  constituent  particles  of 
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todies  is  by  some  attributed  to  ttie  ngency  of  heat,  and  it  is  certain 
tliat  the  energy  of  this  repulsion  is  increased  or  diminished,  according 
as  heat  is  impajted  to  or  subtracted  from  bodies.  In  a  solid  body, 
such  as  a  mass  of  gold,  in  its  ordinary  state,  the  atfractioa  of  cohe- 
sion between  its  jaiticles  greatly  predominates  oyer  the  influence  of 
the  repulsion  already  mentioned ;  but  if  heat  be  applied  to  this  mass, 
the  energy  of  the  repulsion  is  gradually  increased,  until  at  length  it 
becomes  so  nearly  equal  to  that  of  cohesion,  that  the  gravity  of  the 
particles  oyercomM  mat  part  of  the  cohesion  not  balanced  by  the 
repulsion,  and  the  constituent  parts  of  the  mass  no  longer  holding 
together  in  the  soUd  form,  the  metal  is  converted  into  a  liquid.  If 
heat  be  still  applied  to  this  liquid,  the  temparatui-e  will  rise  and  the 
liquid  will  espand;  but  after  a  certain  quautity  of  heat  has  been 
imparted  to  it,  the  repulsive  force  between  the  particles  themselvM 
is  so  great,  that,  in  spite  of  their  gravity  and  of  the  attraction  of 
oohesion,  they  separate  and  disperse  into  a  vapor  which  possesses  the 
qualities  of  gag,  being  capable  of  espanding  without  limit. 

364.  The  same  body  may  exist  in  the  solid,  liquid,  or  gaseous 
state. — Thus  it  appears  that  the  same  body  may  exist  in  the  solid, 
liquid,  and  gaseous  forma,  according  to  the  conditions  under  which  it 
is  placed  iu  I'eference  to  heat. 

365.  MdAesion  of  solids. — If  the  surfaces  of  two  pieces  of  metal, 
being  rendered  perfectly  smooth,  are  brought  into  close  contact  by  a 
strong  pressure,  they  will  adhere  together  with  considerable  force. 
That  this  adheaon  is  not  due  to  atmospheric  pressure  can  be  demon- 
strated by  showing  that  the  adhesion  will  continue  ia  a  vacuum. 

366.  Examples  of  this  adhesion. — In  tMs  case  the  snperSeial 
molecules  of  the  two  bodies  are  brought  into  contact  so  close  as  to  be 
withia  the  sphere  of  each  other's  attraction, 

Innnmetable  examples  of  the  adhesion  of  solid  bodies  are  familiar 
to  daily  experience.  We  may  write  with  chalk,  or  with  a  pencil,  or 
charcoal  on  a  wall  or  on  a  ceiSing,  although  the  effect  of  gravity 
would  be  to  cause  the  particles  abraded  from  the  ohalkj  the  lead,  or 
the  charcoal  to  fall  from  the  wall  or  the  ceiling. 

Dust  floating  in  the  air  sticks  to  the  wall  or  ceiling,  in  spite  of  the 
tendency  of  its  gravity  to  fall  from  them. 

The  force  of  adhesion  of  solid  surfaces  one  to  another  may  be 
ascertained  by  placing  the  adhering  surfaces  in  a  horizontal  position, 
the  lower  one  being  attached  to  a  feed  point,  and  the  upper  one  con- 
nected with  the  arm  of  a  balance.  The  weight  necessary  to  separate 
them  is  the  measure  of  the  adhedon.  If  we  desire  to  aseert^i  the 
amount  of  adhesion  per  square  inch  of  surface,  it  is  only  necessary  to 
divide  such  weight  by  the  magnitude  of  the  adhering  surface  ex- 
pressed in  square  inches. 

367.  Adhesion  of  wheels  of  locomotive  to  the  rails. — -It  is  on  the 
adheaon  between  metallic  surfaces  when  pressed  strongly  togethei' 
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tLat  tte  efficacy  of  a  locomotive  engine  deponda.  The  driving-wlieefe 
press  witt  a  great  weight  upon  the  rajls,  and  are  made  to  revolve 
round  their  own  centres  by  tlie  force  of  tlia  engine.  If  there  were 
no  adhesion,  or  even  iusuf&cient  adhesion  between  the  tire  of  the 
■wheel  and  the  rail  on  which  it  is  pressed,  the  wheel  would  turn  with- 
out advancing ;  and  this  actually  does  happen  in  oases  where  the  rails 
are  greasy,  and  very  frequently  when  they  are  covered  widi  a  hoar 
frost,  the  contact  being  then  intorrupted,  and  the  matter  between  the 
wheel  and  the  rail  not  offering  the  necessary  adhesion. 

368.  Effect  of  lubricants. — On  the  other  hand,  when  the  force 
applied  to  break  the  adhesion  is  directed  perpendicularly  to  the  ad- 
teriag  aurfaoes,  a  fluid  or  imctuons  matter  smeared  upoa  the  surface 
often  increases  the  adhesive  force. 

Thna  two  metallic  plates  will  adhere  with  greater  force  together  if 
they  are  smeared  with  oil  than  when  they  are  clean.  This  may 
partly  arise,  however,  from  the  fact  that  the  film  of  oil  which  covers 
them  excludes  air  more  effectually  than  could  be  accomplished  in  the 
case  of  surfaces  so  considerable  by  mere  pressure. 

369.  Tlte  bite  at  metal  working  etcplained.  —  T^e  effect  known 
amongst  workers  in  metal  as  the  bile  is  the  adhesion  of  two  metallic 
surfaces  brought  into  extremely  close  contact.  It  may  be  doubted 
whether  this  adb^on  would  not  be  diminished  if  some  fluid  were 
introduced  between  the  surfaces. 

370.  Effbct  of  glues,  solders,  and  like  adherents. — The  adhesion 
of  the  surface  of  solids  may  be  rendered  more  intense  fiaa  even  the 
cohesion  of  the  particles  of  the  -solids  themselves  by  interposing 
between  them  some  subslanee  in  a  liquefied  form,  which  hardens  by 
ooid,  and  which  when  hard  has  a  strength  equal  to  or  greater  than 
that  of  the  solids  which  it  unites. 

Glues,  cements,  and  solders  supply  remarkable  examples  of  this. 
Two  pieces  of  wood  glued  together  will  break  anywhere  rather  than 
at  their  joint.  'The  processes  of  gilding  and  plating  also  supply 
examples  of  the  adhesion  of  metaJs  to  each  other. 

371.  Silvering  mirrors. — The  process  of  silvering  mirrors  is  an 
example  of  the  adhesion  of  metal  to  glass;  and  that  of  mortar  in 
building  ia  an  example  of  the  adhesion  of  earthy  matters  to  each 
other. 

^ether  upon  fi-eshly  out 
as  if  they  composed  one 

372.  Adhesion  and  repulsion  between  solids  and  liquids.  —  Nu- 
merous examples  indicate  the  force  of  adhesion  between  solids  and 
liquids.  If  we  plunge  the  hand  in  a  basin  of  water,  when  we  with- 
draw it  the  hand  will  be  wet,  a  quantity  of  the  wafer  adhering  to  it 
in  spite  of  the  tendency  of  its  gravity  to  drop  from  the  akin. 

Adhesion,  however,  does  not  invariably  exist  between  solids  and 
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liquids.     If  wo  dip  tte  liand  in  a  basin  of  quicksilver,  tho  liquid  will 
not  adhere,  and  the  hand  will  not  he  wetted, 

If  a  body  covered  witlt  a  coating  of  grease  or  other  iiactuoua  aub- 
Btance  be  immersed  in  water,  it  wili  not  be  wet  on  being  withdrawn. 
The  same  ia  true  of  tlie  plumage  of  water-fowl,  (o  which  water  doea 
not  adhere. 

If  water  be  spilled  on  glass  or  paper,  it  spreads  over  it,  and  adheres 
to  itj  and  if  the  glass  or  paper  be  held  in  an  upright  position,  its' 
surface  continues  to  be  covered  with  a  stratum  of  water,  manifesting 
the  force  of  adhesion  between  these  bodies;  but  if  quiokalver  be 
poured  on  glass  or  paper,  it  rolls  freely  about  in  spherical  globules, 
and  if  the  glass  or  paper  be  held  in  an  upright  proition,  it  faOs  off, 
and  no  pajt  adheres. 

If  a  rod  of  gold,  silver,  tin,  or  lead,  be  plunged  in  <jnicksilver,  the 
liquid  will  adhere  to  the  surface  of  the  rod ;  but  if  a  rod  of  iron  or 
platinum  be  immersed  in  the  quicksilver,  it  will  not  adhere  to  the 
metal.  It  appears,  therefore,  that  tho  superficial  particles  of  the 
former  metals  attract  the  particles  of  the  quicksilver,  but  those  of  the 
latter  do  not. 

If  the  water  be  poured  into  a  gauze  strainer,  it  will  pass  finely 
through ;  but  if  quicksilver  be  poured  into  the  same  strainer,  it  will 
be  retained  as  effectually  as  though  the  strainer  were  a  solid  body. 

If,  however,  the  bottom  of  the  strainer  thus  coutaining  the  quick- 
silver be  brought  into  contact  with  water,  the  quicksilver  will  imme- 
diately pass  through. 

If  appears  from  this,  that  the  particles  of  the  gauze,  when  dry, 
repel  the  quicksilver,  and  that  the  particles  of  the  latter  have  a  greater 
force  of  mutual  cohesion  than  ia  equal  to  the  gravity  of  particles 
having  the  mi^itude  of  the  meshes  of  the  gauze,  but  that  water  has 
not  the  same  repulsion  for  the  quicksilver  as  the  gauze ;  and  accord- 
ingly, when  the  gauze  becomes  saturated  with  water,  it  no  longer 
retains  the  liquid  metal. 

378.  Tke  rope  pump.  — The  instrument  called  the  cord  or  rope 
pump  depends  on  the  attraction  of  adhesion  which  takes  place  between 
the  threads  of  the  cord  and  water.  Several  endless  cords  placed 
close  beside  each  other  are  extended  between  two  pulleys,  one  at  the 
top  and  the  other  at  the  bottom  of  tlie  machine,  so  that  when  one  of 
the  pulleys  is  made  to  revolve,  these  cords  turn,  rbing  at  one  side 
and  falEng  at  the  other.  The  lower  part  is  submerged  in  the  well 
from  which  the  water  ia  to  be  raised,  so  that  a  portion  of  the  cords  ia 
below  the  surface  of  the  water.'  The  upper  pulley  being  then  made 
to  revolve,  the  cords  at  one  ^de  descend  into  the  water,  and  at  the 
other  side  rise  oat  of  it.  These  are  placed  so  close  together,  that  tho 
water  adhering  to  two  adjacent  cords,  fills  the  space  between  themj 
and  thus  a  sheet  of  water  ia  raised  from  the  lower  to  the  higher  pul- 
tey  by  the  asoending  cords,  and  ia  discharged  into  a  reservoir  above. 
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374.  Glass  attracts  water  but  repels  mercury.  —  If  water  be 
poured  into  a  glass  vessel,  its  surface  will  be  slightly  concave  neai  the 
edges;  the  liquid  bein^  attracted  by  the  sides,  will  rise  at  these 
points  above  its  geaeral  level. 

But  if  niercnry  be  poured  iafo  the  same  vessel,  the  sur&ee  of  the 
edges  will  be  slightly  couves,  because  a  repulsion  exists  between  the 
vessel  and  the  mercury,  or  at  least  an  absence  of  eufficieat  attraction 
ptevails  to  counteract  the  mutual  cohesion  of  the  particles  of  mercury; 
the  latter,  therefore,  have  a  tendency  to  cohere,  and  the  parts  of  the 
fluid  nest  the  glass  are  accordingly  depressed  below  the  general  level. 
The  same  effect  will  take  place  with  water,  if  the  inner  surfiice  of 
the  glaas  be  smeared  wilt  any  unotuons  substance  which  repels  water. 
If  water  be  poured  from  a  glass  vessel  with  perpendicnlar  sides, 
and  without  any  bend  at  its  edge,  it  will,  instead  of  faUing  straight 
to  tlie  ground,  trickle  down  the  outer  surface  of  the  glass,  thus  show- 
ing the  adhesion  of  the  water  with  the  glass;  but  if  mercury  be 
poured  from  the  same  veasel,  it  will  not  trickle  down,  but  will  fall 
directly  to  the  ground. 

Nevertheless,  a  very  feeble  degr  f  Ih  n  i  Is  betw  n 
surfaces  and  liquids  which  generalij      p  1  e<  1     th  d     t  d 

by  the  fact  that  small  particles  of  w  t     w  11    Ih       t      1  d    irf 
and  small  particles  of  mercury  to  gl  p  p        1th    gh  g         lly 

the  liquid  is  repelled. 

375.  Properties  of  capillary  tub     — A  gl       t  b     h  vi  g 
extremely  small  bore  is  called  a  cap  llary  t  I     by  wh   h  t  pi    d 

that  thC'  magnitude  of  the  bore  dc      nt  dthdmt       f 

hair.     The  term,  however,  is  appli  d  t    t  be   h     ng  -my  )  t 

too  large  to  produce  the  effects  which  we  are  now  about  to  explain. 

If  such  a  tube  be  plunged  in  waterj  the  water  will  enter  the  bore, 
and  fill  the  tube  to  the  level  of  the  external  water.  If  the  tube  be 
drawn  from  the  water  and  held  in  a  vertical  position,  a  part  of  the 
water  which  filled  its  bore  will  gradually  descend  to  its  lower  extre- 
mity, and  form  a  large  drop,  when  the,  magnitude  of  this  drop  be- 
comes BO  great  that  its  weight  overcomes  the  coheaon  of  its  particles, 
if  will  fall  off,  and' another  drop  will  be  formed;  but  finally  a  column 
of  water,  of  a  certain  height,  will  be  sustained  in  the  tube,  and  the 
drop  at  the  lower  end  will  not  be  detached. 

The  cohesion  of  the  particles  of  the  water  fonning  the  drop  being 
greater  than  the  weight  of  the  drop,  the  drop  will  not  fall  off;  but 
this  does  not  explain  the  fact,  that  a  column  of  water  of  a  certain 
height  is  supported  in  the  tube,  notwithstanding  the  tendency  of  its 
gravity  to  maie  it  descend, 

376.  Capillary  attraction  in  such  tubes.  —  This  phenomenon  is 
due  to  the  attraction  exerted  by  the  surface  of  the  glass  on  the  inside 
of  the  tube  upon  the  particles  of  water.    Even  though  the  drop  were 
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remoTed,  this  column  would  still  be  sustained,  and  no  new  drop 
would  collect  at  the  lower  end. 

It  is  found  that  the  smaller  the  hore  of  tlie  tuhe  the  greater  will 
he  tliG  height  of  the  column  thus  supported. 

Let  a  series  of  capillai'y  tubes  gradually  diminishing  in  their  bores 
be  inserted  in  holes  parallel  to,  and  at  short 
distances  from  each  other,  in  a  small  wooden 
tod,  as  represented  in  jig.  83.  If  this  be 
plunged  in  water  and  drawn  from  it,  each 
.  tube  will  sustain  a  column  of  the  liquid,  and 


Fig    b3 

supported  in  a  narrc 
a  wider  tube,  maj  b 
Q,Jig.  84., 


the  heights  of  each  will  gradually  diminish 
as  the  bores  of  the  tubes  increase,  so  that  a 
line  drawn  passing  through  the  summits  of 
the  columns  of  water  supported  would  form 
a  curve,  aa  represented  in  the  figure. 

The  fact  that  the  height  of  the  column 
w  tube  is  greater  than  that  which  is  supported  in 
e  thus  explained. 

represent  the  diameter  of  the  tube,  and  let  AC 
t  the  distance  to  which  the  attraction  of  the  sides  of 
the  tuhe  at  A  and  B  estend.     A  particle  of  water  therefore  at  c,  sub- 
mitted to  the  attraction  directed  to 
A  and  B,  would  be  acted  on  by  a 
force  expressed  by  the  diagonal  c  d. 
But  if  the  diameter  of  the  tube 
at  A  B, 
!  to  which  the 
attraction  extends  being  still  the 
lC  sides  of  the  parallelogram 
A  0  ana  B  0  would  be  equal  to  A  o 
Fig.  81.  Fig.  85,  and  E  0,fig.  84. ;  but  the  diagonal 

A  B,  fig.  85,,  being  longer  than 
A  'E,fig.  S4.,  the  diagonal  0  d,  jig.  85,,  representing  the  attraction, 
would  be  less.  Hence  c  Ti,fig.  84,,  representing  the  attraction  in 
the  narrow  tube,  will  be  greater  than  CDjjig.  85.,  representing  the 
atti'action  in  the  wider  tube. 

In  accordance  with  this  conclusion,  it  is  found  practically  that  the 
heigiita  to  which  columns  of  water  will  be  sustained  in  different  tubes 
are  inversely  as  their  diameters;  that  is  to  say,  if  the  diameter  of 
one  tube  be  half  that  of  another,  the  height  to  which  the  water  rises 
in  it  will  be  double  that  of  the  other, 

377.  Capillary  ailraciion  manifested  between  plane  surfaces.  — 
Capillary  attraction  is  likewise  manifested  between  two  plane  surfaces 
brought  close  to  each  other.  If  two  plates  of  glass,  for  esample,  be 
fixed  parallel  to  each  other  without  touching,  but  with  a  very  small 
space  between  them,  fhcy  will  support  a  quantity  of  water  between 
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tlicjQ,  wlijoli  Will  not  full  In  virtue  of  ita  gmvitj.  If  two  Buoh 
phtef,  be  plunged  m  a  vesse!  of  water,  and  be  raised  fi-om  it,  they 
fl  ill  tali.e  up  with  them  a  quantity  of  water  in  the  same  manner  as 
the  tubes,  and  the  height  of  the  water  between  the  plates  of  glass 
will  be  regulated  by  the  same  principle  as  that  wbidi  prevails  in  the 
tubes,  the  less  the  distance  between  the  plates,  the  greater  will  be 
the  height  of  the  water  supported. 

If  two  such  plates  be  brought  into  close  contact  at  their  edges  on 
one  side,  but  be  kept  open  at  the  other  by  interposing  between  them 
a,  piece  of  wood  or  card  that  will  form  an  angle,  so  that  their  inner 
mjjfaces  shall  inci-ease  in  their  distance  from  one  another  as  the  dis- 
tance from  the  edges  in  contact  increases;  the  plates  thus  prepared 
being  plunged  in  water  and  raised  from  it,  it  will  be  found  that  the 
water  supported  between  them  will  form  a  curve  similar  to  that  in 
Jig.  83.  in  the  case  of  tubes  gradually  diminishing  in  their  b 

The  curve  in  each  of  these  cases  is  tJiat  which  i 
called  the  hyperbola. 

378.  Examphs  of  capillary  aUraclion. — Numerous  effects,  with 
whioh  every  one  is  familiar,  manifest  capillaiy  attraction  in  a  variety 
oi  forms. 

379.  Effect  of  damp  foundation  of  a  huilding.  —  The  basement 
Btflry  of  a  house,  and  occasionally  the  ground  floor,  is  often  damp  bo- 
cause  the  moisture  of  the  ground  ascends  through  the  pores  of  the 
materials  composing  the  buOding,  iu  virtue  of  its  capillary  attraction. 

If  sand,  sugar,  or  other  porous  body  have  moisture  beneath  it,  it 
will  aacead  through  the  pores  in  opposifion  to  its  gravity,  being  drawn 
up  by  the  capillary  attraction,  and  the  entire  mass  of  the  sand  or 
sugar  will  become  damp. 

380.  Wick  of  candles  and  lamys. — The  flame  in  lamps  and  can- 
dles is  maintained-  by  the  energy  of  capillary  attraction.  The  'oil, 
tallow,  was,  spirits,  or  other  combustible,  risM  through  the  pores  and 
interstices  of  the  wick.  When  it  comes  in  contact  with  the  fiame,  it 
is  converted  into  vapour,  and  combination  with  the  oxygen  of  the 
atmosphere  produces  flame. 

381.  Basin  emptied  hy  afouiel. — If  the  end  of  a  towel  be  im- 
mersed in  a  basin  of  watei',  the  remainder  hanging  over  its  edge,  the 
water  will  rise  from  the  basin  through  the  pores  and  interstices  of 
the  cloth  of  the  towel,  and  after  a  certain  time  the  entire  towel  will 
become  wet,  the  water  will  evaporate  from  it,  and  as  fast  as  it  evapo- 
rates more  water  will  rise  from  the  basin,  and  this  will  continue  until 
the  basin  is  emptied. 

382.  Bihulous  sulstances.—'Lh.s  porosity  in  virtue  of  which  solids 
esert  capillary  attraction  upon  liquids,  is  expressed  by  the  term  hihu- 
lous.  Thus,  blotting-paper,  sponge,  soft  wood,  and  other  similar 
bodies  are  bibulous  substances.  The  wood  has  a  tendency  to  imbibe 
moisture  by  the  capillary  attraction  of  ite  pores. 
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inff  millstones, — This  effect  has  been  adoptsd 
lient  in  fonning  miil-stonea.  The  rock  beiag 
first  out  into  the  cylindrical  form,  grooves  are  formed  round  it  at  dis- 
tances from  each  otter,  regulated  by  the  required  "thiekneas  of  the 
mill-stone.  Wedges  of  dry  wood  are  then  driven  into  these  grooves, 
and  left  espoaed  to  the  dew  and  other  atmospheric  moisture.  When 
the  wood  imbibes  this  moisture,  it  swells  with  such  in'esiatible  force 
as  to  split  tJie  stone  in  a  direction  regulated  by  the  groove. 

384.  Ascent  of  sap  in  plants. — The  ascent  of  the  sap  in  trees  and 
other  vegetables  is  in  part,  though  not  altogether,  due  to  capillary 
attraction. 

Independent  of  the  agencies  of  vegetable  vitality,  capillary  attrac- 
tion unquestionably  draws  from  the  ground  more  or  less  moisture, 
thougb  not  sufficient  for  the  functions  of  vegetable  life.  There  is 
Iherefote,  in  this  case,  in  addition  to  capillary  attraction,  a  vital 
agency  by  which  the  oscent  of  the  Bap  is  accomplished. 

385.  Metlwd  of  impregnating  timber  with  saline  solution. — It  has 
been  proposed,  recently,  to  impregnate  timber  with  saline  principles 
having  the  effect  of  preserving  it  from  rot,  by  this  agency.  It  was 
proposed  to  keep  the  root  of  the  tree,  while  growing,  watered  with  a 
solution  of  the  proper  salt  and  other  alkaline  matter.  This  solatioQ 
would  then  be  drawn  in,  and  would  rise  with  the  sap,  and  completely 
impregnate  the  tree.  When  such  proems  should  be  continued  a  suf- 
ficient time,  the  tree,  being  cut  down,  would  be  proof  against  rot. 

385.  'Ertdosmose  and  exosmose. — Capillary  attraction  explains  the 
phenomena  called  endosmose  and  exosmose.  To  explain  these,  let 
us  suppose  a  glass  vessel  filled  to  the  brim  with  alcohol,  and  a  piece 
of  bladder,  previously  well  saturated  with  water  tied  over  it,  so  as  to 
be  in  close  contact  with  the  alcohol.  Let  the  vessel  thus  prepared 
be  sunk  in  another  vessel  containing  water,  so  that  the  bladder  shall 
be  below  the  surface  of  the  water.  In  the  course  of  a  few  hours  a 
curious  phenomenon  will  be  rendered  manifest.  A  certain  quantity 
of  the  water  will  have  penetrated  the  pores  of  the  bladder,  and 
mixed  with  tie  alcohol  within  it.  A  certain  quantity  of  the  alcohol 
will  have  passed  through  the  pores  of  the  bladder,  and  have  mixed 
with  the  water  in  the  external  vessel.  A  less  quantity,  however,  of 
the  alcohol  will  pass  upwards  than  of  the  wafer  downwards,  and, 
conseqaentiy,  the  vessel  containing  the  alcohol  having  more  liquid 
within  it  than  at  firet,  the  bladder  will  become  intensely  straiued,  so 
as  to  be  almost  ready  to  burst.  If  it  be  taiea  out  of  the  water,  and 
pierced  with  a  needle,  a  jet  will  issue  from  it  several  feet  high.  The 
passage  of  the  two  liquids  through  the  pores  of  the  Madder  is 
ascribed  in  this  case  to  the  combined  agency  of  chemical  and  capil- 
lary attraction.  The  alcohol  and  the  water  have  a  reciprocal  chemi- 
cal attraction,  sufficiently  strong  to  cause  them  to  combine  if  no  ob- 
struction inteiTened.  The  pores  of  the  bladder  exercise  capillary 
15*  .     ^-173    I 
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atti'aotion,  both  on  the  water  and  on  tho  alcohol ;  but  a 
attraction  on  the  fotraev  than  on  the  latter.  If,  then,  the  ehemical 
attraction  of  the  water  on  the  aloohol,  and  the  alcohol  on  the  water, 
be  assumed  to  he  equal,  then  the  greater  capillary  attraction  of  tlie 
pores  of  the  bladder  for  the  water  than  for  the  alcohol,  will  explain 
the  fact  that  more  water  passes  into  the  vessel  contaiaing  alcohol 
than  alcohol  into  the  vessel  coDfaining  water. 

In  this  case  we  have  supposed  the  water  to  press  downwards  on 
the  bladder  within  which  the  alcohol  is  contained.  The  same  effect, 
however,  would  take  place  if  the  bladder  were  presented  downwai-ds, 
and  the  water  pressed  against  it  upwards.  The  same  results  would 
a]so  ensue,  if  the  vessel  inclosed  by  the  bladder  contained  wafer,  and 
were  immersed  in  a  larger  vessel  containing  alcohol. 

387-  Motion  of  a  glass  hdh  fioating  on  water.  —  If  a  hollow 
glass  sphere,  blown  so  thin  as  to  be  extremely  light,  be  floated  on  the 
surface  of  water  which  half  fills  a  glass  vessel,  it  will,  if  placed  near 
the  side,  move  towards  the  side  with  an  accelerated  motion,  and  will 
soon  touch  the  side  and  remain  in  contact  with  it.  This  movement 
is  produced  by  the  atfracfion  of  the  water,  which  rises  upon  the  side 
of  the  vessel,  aa  already  explained,  upon  the  light  glass  bulb. 

If  the  vessel  be  now  filled  without  agitating  the  liquid  in  it,  which 
may  be  done  by  introducing  the  water  by  means  of  a  funnel,  the 
lower  orifice  of  which  is  at  some  depth  beiow  the  surface,  so  as  to 
fill  it  to  the  brim  until  the  water  becomes  convex  at  the  top,  without 
however  overflowing,  the  glass  bulb  will  then  move  from  the  side  of 
the  ve^el  towards  the  centre;  but  the  water  being  now  convex  in- 
stead of  concave,  that  which  touches  the  bulb  on  the  inside  risra 
higher  upon  it  and  attracts  it. 

Two  small  glass  bulbs  floating  near  each  other  will  attract  each 
other  from  the  same  cause;  but  if  the  glass  bulb  in  either  of  these 
cases,  and  the  sides  of  tho  vessel,  he  greased,  so  that  tho  water  shall 
not  rise  upon  thorn,  opposite  effects  take  place. 

174 
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THEORY    OF    MACHI^■ERY. 


PEINCIPLES. 


38S.  UOiat  consliiutes  a  machine. — A  machine  is  an  instrnmeBt 
or  apparatus  by  wbich  a  force  applied  at  a  certain  point,  and  having 
a,  certain  determinate  intensity  and  direction,  is  made  to  esert  a,  force 
'at  another  point,  more  or  less  distant  from  the  former,  and  generally 
different  in  intensity  and  direction. 

Thus,  for  example,  a  hoise  moring  on  a  hoiiaontal  road  in  a  circle, 
ia  made  to  raise  a  weight  vertically  in  the  shaft  of  a  mine,  or  water 
from  the  shaft  of  a  well. 

Men  pulling  at  a  rope  in  some  direction  more  or  less  ohKque,  are 
enabled  to  raise  a  mass  of  heavy  matter  from  the  bold  of  a  ship,  and 
to  transfer  it  to  a  distant  wharf. 

889.  The  moving  power. — Tbeforce  which  is  applied  to  and  trans- 
mitted by  a  machine  is  technically  called  the  power;  the  point  at 
which  it  ^  applied  is  called  the  point  of  application;  ita  direction  in 
the  line  in  wiiich  the  force  has  a  tendency  to  mate  the  point  of  ap- 
plication move;  and  its  intensity  is  usually  expressed  by  a  weight 
which,  acting  at  the  same  point  of  applicauon,  would  produce  a  like 
effect  upon  it. 

'^he  moving  powers  applied  to  and  tranamitted  by  machinery  are 
infinitely  various.  In  the  capstan  of  a  ship,  the  moving  power  ia 
human  force  applied  to  it;  in  a  common  pump,  the  same  moving 
force  is  used ;  a  torse  is  the  moving  power  applied  to  vehicles  of 
transport  on  common  roads,  and  a  ateam-engine  oa  railways;  the 
wind  is  the  moving  power  applied  to  a  sailing  vessel  and  to  a  wind- 
mill ;  the  momentum  of  water  acting  againat  the  float-boards  of  a 
wheel,  or  ita  weight  acting  in  the  buckets,  is  the  moving  power  of  a 
water-wheel ;  the  elastic  force  of  steam  acting  oa  the  piston  in  the 
cylinder,  is  the  moving  power  of  the  steam-en gine.- 

390.   The  worlc'mg  point. — That  part  of  a  machine  which  is  im- 
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mediatelj  applied  to  tlie  resistance  to  be  ovoreome,  is  called  tte  wm-k- 
ing  paint. 

§91.  The  weight.  —  The  resistance,  whatever  be  ite  nature,  to 
■which  the  working  point  is  applied,  is  technically  called  the  weight 
or  load. 

In  many  cases,  ■weight  is  the  actual  resistance  which  laachinea  are 
applied  to  overcome;  as,  for  esample,  in  raising  water  from  a  well  or 
from  mines;  also  in  raising  ore.  In  some  cases,  the  resistance  to  be 
ovei'coviie  is  friction,  used  for  the  purpose  of  fracturing  and  pulveris- 
ing material  substances.     This  is  the  case  in  flour-mills. 

In  some  oases,  the  resistance  to  be  overcome  is  the  friction  of  sur- 
faces and  the  resistance  of  the  air.  This  is  the  case  when  carnages 
are  moved  on  level  roads  or  railways. 

Whatever  be  the  nature  of  the  resistance,  a  weight  which  would 
produce  an  equivalent  force  acting  against  the  moving  power,  may  be 
assigned.  Thus,  for  instance,  if  the  traces  of  a  carriage  drawn  by 
horses,  or  the  chfun  connecting  a  locomotive  with  a  railway  train,  be 
stretched  by  the  i-osistance  of  the  carriage  or  the  train,  a  weight  may 
bo  substituted,  which,  being  suspended  vertically  from  the  traces  or 
the  chain,  would  produce  l£e  same  tension.  The  resistance  io  sach 
case  is  espreaaed  by  stating  the  amount  of  this  weight, 

392.  Various  resistances  and  physical  conditions  omitted  pro- 
visionally in  the  exposition  of  the  theory  of  machinery. — In  the  ex- 
position of  the  theoij  of  machinery,  it  is  expedient  to  omit,  in  the 
first  instance,  the  consideration  of  many  circumstances,  of  which, 
however,  a  strict  account  must  be  eubsequently  taken,  before  any 
practically  useful  application  of  them  can  be  made.  A  machine, 
suck  as  we  must  for  the  present  contemplate  it,  is  a  thing  which  can 
have  no  real  or  practical  existence.  Its  various  parts  are  considered 
to  be  free  from  fiietion.  Thus  lie  surfaxiea  composing  it,  ■which  move 
in  coutaot  with  each  other,  are  assumed  to  be  infinitely  smooth  and 
pulnhed,  the  solid  parts  are  all  considered  to  be  absolutely  rigid  and 
mflciible 

The  weight  and  inertia  of  the  matter  composing  the  machine  itself 
aie  whplh  neglected,  and  we  reason  upon  it  as  if  it  were  divested  of 
these  qualities.  Cords,  ropes,  and  chains  are  supposed  to  have 
neither  stiffness,  thickness,  nor  weight ;  they  are  re^rded  as  mathe- 
matical lines,  infinitely  flexible  and  infinitely  strong.  The  machine, 
when  it  moves,  is  assumed  to  encounter  no  resistance  from  the  air, 
■jnd  to  be  in  ill  respects  ciroumetanoed  as  if  it  were  in  a  vacuum. 

These  suppositions  being  all  false,  it  follows  that  none  of  the  con- 
sequences immediately  deduced  from  them  can  be  true.  Neverthe- 
less, as  it  is  the  business  of  art  to  bring  machines  as  near  to  thb  state 
of  ideal  perfection  as  possible,  the  conclusions  which  are  thus  obtain- 
ed, though  false  in  a  strict  sense,  yet  deviate  from  the  truth  in  no 
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These  conelusious  may,  in  fact,  Le  regarded  as  a  first  apfirosiraiition 
to  truth. 

393.  Physical  science  consists  of  a  series  of  approximations  to 
truth.  —  The  Tariona  efFecte  whioli  have  been  preyiotisly  neglected  are 
afterwards  taken  into  account. 

The  roughness  of  surfaces,  the  imperfect  rigidity  of  the  solid  parts, 
tte  imperfeot  flexibility  of  cords  and  chains,  the  resistauce  o?  the  air 
and  other  fluids,  and  the  effects  of  the  weiglit  and  inertia  of  tte 
maohiue  itself,  are  afterwards  severally  examined,  tlieir  properties 
Dsplained,  and  the  manner  in  which  they  modify  the  transmission  of 
tlie  power  to  the  weight  developed.  These  modifications  and  correc- 
tions  being  applied  to  tbe  conclusions  obtained,  a  second  appiosima- 
tion  to  tlie  truth  is  made,  but  still  only  aa  approsimation ;  for  in  in- 
vestigating the  laws  which  govern  the  several  effects  last  mentioned, 
we  are  compelled  to  proceed  upon  a  new  group  of  false  suppositions. 

T    d  tennine  the  laws  which  regulate  the  friction  of  surfaces,  it  is 

n     ss    y  to  assume  that  the  surfaces  are  uniformly  rough  and  subject 

t         t     1  pressure ;  that  the  solid  parts  which  are  imperfectly  rigid, 

1  th      ords  and  chains  ■which  are  imperfectly  flexible,  are  consti- 

t  t  it  th  oughout  their  entire  dimensions  of  a  uniform  material,  so 

th  t  th     mperfeotions  do  not  prevail  more  in  one  part  than  in  another. 

Th     all  rregtdarity  is  left  out  of  account,  and  a  general  average  of 

th      ff   t^  taken.     It  is  obvious,  therefore,  that,  even  in  this  second 

J     m   f  reasoning,  we  have  still  fitiled  in  obtaining  &  result  exactly 

f   m  ble  to  the  real  state  of  things.     But  it  is  ecjually  obvious 

th  t  w    have  obtained  one  much  more  conformable  to  that  state  than 

b  1 1     n  previously  accomplished ;  and,  in  fine,  it  is  found  that  the 

1       ns  thus  obtained  are  sufficiently  near  the  truth  for  practical 

P    1 

394  This  gradual  approxiraalion  to  truth  not  peculiar  to  mecltan- 
2  ice, —  The  imperfections  in  our  process  of  investigation, 
m  t  t  d  in  this  laborions  system  of  successive  approximation  to  the 
f  -nth  not  peculiar  to  Natural  Philosophy.  It  pervades  all  depart- 
m  t  f  natural  science.  In  Astronomy,  the  motions  of  the  celestial 
bod  and  their  various  changes  and  appearances  as  developed  by 
th  J  skted  by  obsei'vation  and  esperiecce,  consist  of  a  like  seiies 
f  Yp  simations  to  the  real  motions  and  appearances  wbicb  take 
pi  nature. 

It  the  same  in  Art.  The  first  labors  of  the  artist  produce  from 
th  d  block  of  matble  a  rough  and  rude  resemblance  of  the  human 
t  ra  The  next  attempts  remove  the  greater  inequalities  and  protu- 
1  and  reduce  the  form  to  a  closer  resemblance  to  the  original. 

It  ,  however,  until  after  a  long   snco^siou  of  operations,  in 

h  h      laller  and  smaller  portions  of  the  atone  are  detached,  that 
th    1    t  labor  of  the  chisel  of  the  master  completes  the  resemlilanco. . 
S  "S    How  a  machine  is  provisionally  regarded.  — hW«ishtll43t^lC 
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fore  for  Ii  n       n    ler  the  machiae,  by  which  the  effect  of  the 

power  ia  tr  n  m  ted  to  he  working  point,  as  divested  of  weight  and 
inertia;  w      h  a       r  all  the  pivots,  axles,  and  surfaces  which 

move  in     ata       h  y  devoid  of  friction ;  we  shall  coasider  all 

cords,  rope        d   h  o  he  absolutely  and  perfectly  flexible,  and  to 

be  mo\  d  n  n  w  h  the  grooves  and  wheels  without  friction; 
an  1,  in  fi      w     h  )der  the  maehiae  itself,  as  well  as  the  agent 

exciting  h  p  w  nd  the  mattei  composing  the  weight,  to  move 
without  m  he  air  or  any  other  fluid. 

39b  M'chanical  tmlks  improperly  invested  zeiih  tJie  appearemce 
of  paradov  — The  exposition  of  the  effects  of  machinery  is  often 
invested  with  the  appearance  of  pwados  Astonishment  is  excited 
at  what  seems  meompitible  with  the  resulta  of  common  esperienoe, 
iith^r  than  admiratioa  of  the  geniu"  and  skiO  by  which  simple  and 
cbMous  pnnciples  are  so  applied  is  to  produce  unexpected  results. 

Thus  it  IS  stitp  1  that,  by  means  of  a  machine,  a  power  of  compa- 
ratively ■  fflg  "fi  m  ■  bl  f  pporting  or  raising  a  vast 
weight  OS  m  is  ffi  in  d  the  fingers  of  aa  infant 
pulling  fl  d  weight  could  snap  asun- 
der, ar  m  of  supportang  or  raising 
■  several 

Stsfe  rstood,  are  fallacious;  if 

rightly  oh  is  not  consistent  with 

S97    Eff         fji  — la  every  machine  there 

arc  sora  p  rangement  of  the  parts  is 

always  weight  not  directly  acting 

against        po  te      m     g       se  props. 

If  th        g  mm  0  ewt.,  it  is  possible  so  to 

Rminge  ver  great,  may  be  thrown 

upon  t  machine :  the  remaining  part 

only  ca  to  be  te      y  the  power,  and  this  part 

so  sup     -te     in  g     te  power.     Considering  the 

effect  0  m  pears  that  the  power  sup- 

ports just  so  much  of  the  weight,  and  no  more,  as  is  equal  to  its  own 
foi'cc,  and  that  all  the  remaining  part  of  the  weight  is  sustained  by 
the  maohiue. 

The  force  of  this  observation  will  become  more  and  more  apparent 
when  the  conditions  are  explained,  under  which  a  power  and  weight 
can  maintiun  each  other  in  equilibrium,  through  the  intervention  of  a 
machine,  whether  simple  or  complex. 

398.  An  irtdefinitely  small  power  raising  an  indefinitely  great 
weight  involves  no  parados:.  —  But  if  the  power,  instead  of  merely 
supporting  the  weight  at  rest,  be  employed  to  raise  this  weight  a 
given  height,  it  may  be  ashed  how  it  can  be  explained  that  a  power 
indefinitely  small  can  lift  a  weight  indefinitely  great. 
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The  paradoiioal  cliaracter  of  tliis  statement  arises,  as  is  the  case 
generally  in  suoli  propositions,  from,  the  omission  of  an  important 
condition.  It  is  quite  true  that  a  feeble  power  is  capable  of  raising 
a  great  weight,  but  it  is  necessary  to  add  that  in  doing  this,  the  feeble 
power  must  act  tlirough  a  space  just  so  much  greater  than  that 
through  which  the  weight  is  raised,  as  the  weight  itself  is  greater 
than  the  power.  Thus,  if  a  weight  of  1000  lbs.  be  raised  one  foot 
by  a  power  whose  force  is  only  equal  to  1  lb.,  thea  such  power  in 
raising  the  weiglit  must  move  through  1000  feet. 

Niw  when  this  condition  is  stated,  the  proposifion  is  stripped  alfo- 
gethei  of  ita  paradoxical  character. 

Theie  is  nothing  at  all  astonishing  in  the  fact,  that  one  thousand 
siii_ces''ive  exertions  of  a  force  of  one  pound,  eacli  esertion  being 
made  through  the  space  of  one  foot,  should  raise  a  1000  lbs.  weight 
thioagh  the  height  of  one  foot.  There  is  aolliog  more  surprising  iu 
Bui-h  a  fact,  than  if  the  1000  lbs.  weight  being  divided  into  1000 
equal  pirts  were  raised  by  a  thousand  successive  efforts  of  the  power 
without  the  intervention  of  any  machinery. 

39'3  Efects  of  a  macMne  under  different  relations  of  Ikepoiuer 
and  ufi  t^/it.  —  It  will  be  necessary  to  consider  the  effect  produced  by 
means  of  a  machine  under  three  distinct  relations  between  the  power 
and  weight,  viz., 

I.  -When  the  power  equilibrates  with  the  weight. 
II.  Wlien  the  power  is  greater  tlian  that  which  equilibrates 

with  the  weight. 
III.  Wten  the  power  is  less  than  that  which  equOibrates  with 
the  weight. 
400.  JVhen  the  power  and  weight  are  in  equilihrium,  rest  is  not 
necessarily  implied.  —  The  power  and  weight  ate  said  to  be  in  equi- 
librium when  they  aie  so  related  to  each  other  that  when  placed  at 
rrat  they  will  remain  so.  It  is  a  great,  but  very  common  error,  to 
euppose  ihat  equilibrium,  as  applied  to  a  machine,  necessarily  implies 
rest  or  the  absence  of  motion.  It  is  easy  to  show  that  if  tie  power 
and  weight,  being  in  equilibrium,  are  put  in  uniform  motion,  they 
will  continue  that  uniform  motion  esaetly  as  a  mass  of  matter  would 
do  m  V  itue  of  ita  inertia,  if  moving  independently  of  any  machine  j 
fo  f  we  were  to  suppose  that  such  motion  would  cease  either  sud- 
denly or  gradually,  we  necessarily  also  suppose  a  definite  force  ap- 
pl  ed  to  the  machine  to  stop  its  motion.  Since  the  power  and  weight 
ire  m  equilibrium,  they  cannot  of  themselves  stop  or  reta.rd  the  mo- 
t  It  is  true  that  the  motion  will  in  practical  application  be  gra- 

d  illy  letarded,  but  that  will  be  the  effect  of  friction  and  atmospheric 
re     tance,  both  of  which  are  at  present  excluded  from  eonsider- 

T\  e  cannot,  on  the  other  hand,  suppose  the  uniform  motion  im- 
parted to  the  power  and  weight  to  be  accelerated,  without  supposing 
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the  application  of  some  adequate  force  to  produce  such  acceleration, 
the  power  and  weight  being  excluded  by  the  very  condition  of  their 
equilibiium. 

Let  U3  suppose  the  power  oaA  weight  to  be  connected  with  the 
machine  by  cords,  by  which  they  are  suspended  from  their  respectiye 
points  of  application,  both  being,  as  usual,  represented  by  equivalent 
weights.  Now  the  cords  by  which  they  are  suspended  will  be  stretch- 
ed with  the  same  force,  whether  the  power  and  weight  be  at  rest,  or 
in  uniform  rectilinear  motion ;  and  consequently  the  relation  between 
thorn  in  both  cases  must  be  tbe  same. 

401.  Equilibnwm  infers  either  absolate  rest  or  uniform  motion. — 
The  repose  or  the  uniform  motion  of  the  power  and  weight  are  there- 
fore tbe  testa  of  equilibrium.  Without  these  equilibrium  cannot  sub- 
sist, and  with  either. of  them  it  must  subsist. 

If  a  machine  acted  on  by  a  power  and  weight  be  at  rest,  or  be  in 
uniform  motion,  the  power  and  weight  must  be  in  equilibrium ;  and 
if  the  power  and  weight  be  in  equilibrium,  they  must  bo  cither  at 
rest  or  in  uniform  motion. 

Tbe  most  common  state  of  snacbiues  which  are  under  the  opera- 
tion of  equilibrating  forces,  is  that  of  uniform  motion,  and  not  that 
of  rest,  as  oommoniy  stated.  If  a  wind  or  water-mill  be  in  regulai 
operation,  ila  driving-wheel  moving  with  a  Tiuiform  speed,  then  the 
power  of  the  wind  or  water  will  b«  in  equilibrium  with  the  resistance, 
wliatever  that-may  be.  If  a  steam-engine  be  in  regular  operation, 
its  piston  will  move  at  a  uniform  ra!«,  and  the  force  of  the  steam 
upon  it  will  be  in  equilibrium  with  the  resistance  which  it  is  applied 
to  overcome.  K  a  locomotive  engine  draw  a  railway  train  at  a  uni- 
form speed,  then  the  power  exerted  by  the  engine  will  be  in  equili- 
brium with  the  resistance  opposed  by  the  train. 

402.  When  the  power  more  than  equilibrates,  aeeelerated  motion 
ensues. — Let  us  now  consider  the  case  in  which  the  power  is  greater 
than  that  which  equilibrates  with  the  weight  or  resistance. 

In  this  case  the  motion  imparted  to  tbe  object  moved  will  be  acce- 
lerated; for  so  much  of  the  power  as  would  equilibrate  with  the 
weight  or  resistance  would  impart,  as  has  been  already  shown,  a  uni- 
form motion  to  the  object  moved.  The  surplus  power  above  this 
amount,  therefore,  must  be  employed  in  accelerating  the  motion. 

403.  ^U  macJiines  are  in  this  state  when  started. — For  example, 
if  a  locomotive  engine  exert  a  greater  power  than  is  equivalent  to 
the  resistance  opposed  by  the  train  which  it  moves,  then  such  sur- 
plusage of  power  can  only  act  upon  the  inertia  of  the  traia,  and  will 
impart  to  it  an  equivalent  amount  of  moving  force.  So  long  as  this 
surplus  power,  therefore,  acts,  the  mass  of  the  train  will  receive  from 
it  a  corresponding  augmentation  of  its  momentum,  and  consequently 
will  teoeive  a  proportionate  increase  of  speed.  If  the  resistance, 
however,  opposed  by  the  train  to  the  moving  power  augmenla  with 
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the  speed,  tbea  it  may  at  length  Ijeoome  eq^ual  to  the  amount  of  tlie 
moviQg  power ;  and  wliett  it  does,  their  equilibrium  ia  eatehliahed, 
and  the  train  is  moved,  hy  the  power  at  a  uniform  speed. 

These  oonditions  are  by  no  means  imaginary.  They  ate  realized 
in  every  caae  in  which  a  train  is  started  from  a  state  of  rest,  and  in 
general  when  any  machine  whatever  is  first  put  in  motion. 

404.  .Analysis  of  the  effect  in  this  case. — The  power  in  eom- 
mencing  ita  action  must  necessarily  be  greater  than  the  resistance 
opposed  by  the  load ;  for  if  it  were  not,  it  would  only  equilibrate 
with  the  resistance,  and  no  motion  would  ensue.  The  surplus  power 
is  absorbed  by  the  momentum  acquired  by  the  moving  mass;  and  as 
the  velocity  augments,  more  and  more  momentum  is  imparted.  Tbe 
velocity  will  at  length  become  uniform,  either  because  the  energy  of 
the  power  will  he  diminished,  so  aa  t*  become  equal  to  the  resistance, 
or  bceause  the  resistance  will  bo  augmented,  so  as  to  become  equal  to 
the  power;  or,  in  fine,  as  most  generally  happens  in  practice,  both  of 
these  efleeta  are  combined,  the  resistance  increa-sing  aud  the  power 
diminishing.  This  is  always  the  ease,  therefore,  when  a  maoluue  is 
impelled  by  a  surplos  power,  and  when,  on  the  other  hand,  there  is 
a  less  than  ordinajy  resistance  on  the  side  of  the  machinery  and  of 
tie  load.  When  first  starting,  the  velocity  being  inconaderable,  the 
resistance  of  the  air  and  other  agencies  depending  upon  speed  is  leis. 
As  the  velocity  increases,  these  resistances  augment.  This  augment- 
ation of  resistance,  however,  as  the  speed  inoreaseB,  is  generally 
much  less  than  the  diminution  of  the  moving  power ;  in  short,  a  con- 
siderable surplus  power  is  generally  neoe^ary,  at  starting,  to  impart 
to  the  load  and  to  the  moving  parts  of  the  machinery  tlje  necessary 
momentum.  But  after  this  momentum  has  once  been  imparted,  then 
nothing  remains  for  the  power  but  to  balance  the  resistance  of  the 
load,  properly  so  called. 

This  excess  above  the  equilibrating  power  and  the  accelerated  mo- 
tion are  reciprocal  consequences.  Such  excess  necessarily  infers  the 
accelerated  motion  of  the  load,  and  the  accelerated  motion  of  the  load 
indicates  such  esceaa. 

405.  fThen  the  power  is  too  small  to  equilibrate,  the  motion  is  re- 
tarded.—  Elfects  directly  the  reverse  of  these  are  developed  when 
the  power  applied  is  inferior  to  that  which  would  equilibrate  with  the 
weight. 

Let  us  suppose,  in  this  caae,  the  machine  to  have  been  in  uniform 
motion,  and  therefore  the  power  and  weight  to  have  been  in  equili- 
brium. Let  the  power  then  be  diminished  by  any  amount,  however 
smaU :  the  moment  this  diminution  talies  place  equilibrium  is  destroy- 
ed, the  power  becomes  inferior  to  the  resistance,  and  there  is  an  action 
in  a  direction  conti-ary  to  that  of  the  power,  and  therefore  contrary  to 
that  of  the  motion  which  the  load  had  already  acquired,  equivalent 
in  amount  to  the  difference  between  the  resistance  and  the  power. 
16  J81 
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This  force  will  act  against  the  momentum  of  the  load,  acd  will  con- 
tinually dimiaish  it,  until,  at  length,  it  hrings  the  load  to  rest.  From 
the  moment,  therefore,  that  the  power  becomes  less  than  the  resiatr 
anoe,  the  motion  of  the  load  will  he  gradually  retarded. 

The  inferiority  of  the  power  to  the  resistance,  and  a  gradually  re- 
tarded motion,  ai*  therefore  reciprocal  consequences  of  each  other. 

if«l  to  ninatrate  still  farther  these  effects,  which  are 
mportance  in  practice. 

0  Uie  re^stanoe  which  a  machine  is  employed  to  over- 
come to  he  represented  by  the  weight  a, 
^g.  86. ;  and  let  the  power  which  acts 
against  such  vesistauoe  through  the  in- 
terventioa  of  the  cord  a  b  c  be  repre- 
sented by  the  force  of  an  animal  h. 
When  the  animal  is  at  rest  before  starts 
ing,  the  cord  A  B  c  H  is  stretched  with  a 
force  esaotly  equal  to  that  of  the  weight. 
When  the  power  beg  n  m  am 
mentum  is  impar  d  to  1  w  gh 
through  the  inte     nh  n     f    h  i 

The  cord  is  theref  re   h  1  w   h    u 

additional  force  p    port     al  to  h     m 
mentum.     The  speed  of  the  power  gradually  n  s  f   u    h    m 

meat  its  motion  commences  until  it  attains  th  d  wh   h      con 

tjnued  uniform.  During  this  increase  of  the  speed  of  the  power  H, 
a  corresponding  and  continual  increase  of  momentum  is  imparted  to 
the  weight  A,  and  consequently,  during  this  interval,  the  tension  of 
the  cordis  constantly  greater  than  the  weight,  "When,  however,  the 
speed  of  the  power  h  becomes  uniform,  tien  no  further  momentum 
will  be  imparted  to  the  weight,  and  the  force  exerted  by  the  power 
will  diminish  so  as  to  become  exactly  equal  to  the  weight.  During 
this  uniform  motion  the  tension  of  the  cord  will  be  the  same  aa  it 
would  be  if  the  power  and  weight  were  at  rest. 

When  the  weight  approaches  its  point  of  destination,  and  is  about 
to  be  brought  to  rest,  the  power  slackens  its  esertion,  and,  at  the  mo- 
ment that  it  becomes  less  than  the  weight,  a  moving  force  takes  effect 
equal  in  intensity  to  the  difference  between  the  power  and  weight 
directed  from  b  to  a.  But  against  this  there  is  the  momentum  of 
the  weight  directed  from  A  to  B  in  virtue  of  the  uniform  velocity 
with  which  it  had  been  moving.  The  moving  force,  therefore,  from 
B  to  A,  represented  by  the  difference  between  the  power  h  and  the 
weight  A,  will  act  against  this  momentum,  and  will  gradually  diminish  it. 
Although  the  upward  motion  of  the  weight,  therefore,  will  con- 
tinue after  the  diminution  of  the  power,  it  will  be  gradually  retarded, 
and  after  a  certain  interval  will  be  altogether  exhausted,  and  the 


weight  will  come  to  rest. 
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These  effects  take  place  in  all  machinea  whatever  when  they  are 
started  and  stopped,  and  the  circumstances  and  mechanical  laws  which 
govern  them  are  precisely  the  same  as  in  the  illustration  here  given. 

406.  Tile  proper  fKactions  of  a  machine.  —  The  use  of  a  ma- 
eliine  is  to  adapt  the  power  to  the  resistance.  If  the  intenaty, 
direction,  and  velocity  of  the  power  wero  identical  with  the  intensity 
and  direction  of  the  resistance,  and  the  velocity  required  to  be  im- 
parted to  it,  then  there  would  be  no  need  of  a  machine;  the  power 
might  be  applied  immediately  to  the  resistance.  But  if  a  power  of 
feeble  intensity  is  required  tfl  act  against  a  great  resistance,  then  a 
machine  must  bo  interposed  which  will  augment  the  intensity  of  the 
power.  Or  if  a  power  moving  in  one  direction  he  required  to  impart 
motion  to  a  resistance  in  another  direction,  then  a  machine  must  be 
interposed  which  will  transmit  the  effect  of  the  power  to  a  new  direc- 
tion. Or  if  a  power  having  a  certain  velocity  be  required  to  impart 
a  greater  or  less  velocity  to  the  resistance,  then  a  machine  must  be 
interposed  which  will  modify  the  velocity  in  the  required  proporlioa. 

But  oven  these,  though  the  principal,  are  only  a  few  of  the  in- 
finite varieties  of  change  and  modification  which  machines  are  re- 
quired tio  effect  in  the  transmission  of  the  power  to  the  resistance. 
Independently  of  the  directions,  intensities,  and  velocities  of  the 
moving  power  and  resistance,  the  character  of  the  respective  moiions 
may  differ  in  au  infinite  variety  of  ways :  thus  the  moving  power 
may  be  one  which  acts  with  a  reciprocating  motion  between  two 
points;  as,  for  example,  that  of  the  piston  of  a  steam-engine;  and 
this  moving  power  may  be  required  to  produce  a  continuous  motion 
in  a  straight  line,  like  the  motion  of  a  toin  along  a  railway. 

Ihe  machiue  which  connects  such  a  power  with  such  a  weight 
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proportions  remain  the  same,  \m11  bi,  iraalterel,  and,  nbateTei  power 
or  weigiit  be  applied  to  them,  they  will  hare  this  partienlar  ntiD 

407.  JVo  machine  can  really  add  to  llie  mecltamcal  enejgy  of  ike 
power. — A  maohine  being  composed  of  inert  mitter  cannot  generate 
force,  and  consequently  the  working  point  cannot  eseit  moie  f^ri^ 
than  is  transmitted  ix)  it  from  the  point  of  ipplicatioa  of  the  powei 

It  will,  in  fact,  exert  less,  because  friction  \aA  other  fcourcea  ot 
resisfcancs  must  intercept  a  portion  of  the  acfun  of  the  powar  in  its 
trausmiasioa  from  its  point  of  applicatiDn  to  its  woikmg  point,  but 
as,  for  the  present,  the  consideration  ot  thw  Bpecies  of  le'ustaiice  is 
neglected,  and  machines  aie  oonsideied  ^  exempt  from  (hem,  we 
shall  assume  that  the  influence  of  the  power  is  transmitted  undi 
minished  to  the  working  point  But  it  is  important  on  the  othei 
hand  to  remember,  that  no  7/iore  moTiug  foiee  can  be  so  tiansmitfed 

408.  Metliod  of  expressing  ike  mechanical  energy  of  the  poteei 
and  weight. — Now  the  energy  oi  momentum  of  the  powei  is  deter 
mined  by  multiplying  the  weight  which  is  equivalent  to  it,  by  the 
space  through  which  it  b  mo7ed ,  ind,  on  the  other  hand,  the  moY 
ing  force  imparted  to  the  resistance  is  also  estimated  by  multiplying 
the  weight  which  is  equivalent  to  this  lesistinee  by  the  space  thiough 
which  it  is  moTsd. 

The  moving  foroe  of  the  power  is  determined  m  the  sime  m-mner 
as  the  moving  force  of  a  weight  eqmMlent  to  it  and  ino\ins  with  the 
same  velocity,  would  be  determined  Thus,  it  wo  mulliplj  the 
power,  or  its  equivalent  weight,  by  the  space  through  which  it  moves 
iu  a  given  time;  that  is  to  say,  by  its  velocity,  we  shali  obtain  a  pro- 
duet  which  expresses  its  moving  force  or  mechanical  effect. 

409.  Moments  of  power  and  weight. — This  product  is  called  the 
moment  of  the  power. 

Thus  if  P  express  the  power  and  p  the  space  through  which  it 
moves  in  one  second,  theu  'E  X  p  will  be  its  moment. 

In  like  manner,  the  moving  force  imparted  to  the  resistance  at  the 
working  point  will  be  expressed  by  multiplying  the  resistance,  or  the 
weight  equivalent  to  it,  by  the  space  through  which  it  is  moved  in  a 
given  time. 

Thus  if  TV  be  the  weight,  and  w  be  the  space  through  which  it  is 
moved  in  one  second,  then  w  X  m  will  be  the  moving  force  of  the 
weight,  and  this  psoduct  is  called  the  momeni  of  the  leeighi. 

410.  The  relation  between  these  moments  determines  the  state  of 
the  machine. — The  relation  between  the  moments  of  the  power  and 
weight  determines  their  mechanical  state. 

Three  oases  are  here  presented : 

I.  "When  the  moment  of  the  power  is  equal  to  the  moment  of 
the  weight ;  that  is,  when 
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II.  Whon  tte  moment  of  the  power  is  greater  than  the  mo- 

ment of  the  wcigKt ;  that  is,  when 
p  X  p  is  greater  than  "W  X  w. 

III.  When  the  moment  of  the  power  is  less  than  the  moment 

of  the  weight ;  that  is,  when 

p  X  J)  is  less  than  w  X  w. 
In  tlie  first  case,  it  is  manifest  that  the  power  and  weight  will  be 
in  eciTiilibrinm,  and  that  they  will  he  either  at  rest  or  in  uniform  mo- 
tion. For,  since  the  moment  of  the  power  is  the  expression  of  ita 
moving  force,  and  siuee  this  moying  force  is  transmitted  without  in- 
crease or  diminution  by  the  machinery  to  the  weight,  and  since,  hy 
the  supposition  we  have  made,  it  is  equal  to  the  moving  force  of  the 
weight,  these  two  forces  must  balance  each  other,  and  therefore  be  in 
equilibrium. 

411.  Equality  of  these  moments  determines  equilibrium. — The 
eondifion  therefore  of  equilibrium  is,  that  the  moment  of  the  power 
is  equal  to  the  moment  of  the  weight,  or 

p  X  j»  =  W  X  w. 

412.  When  the  raomeM  of  power  exceeds  that  of  weigla,  the  mo- 
tion is  accelerated  in  the  direction  of  the  power.  —  If  the  moment 
of  the  powei"  be  greater  than  the  moment  of  the  weight,  then  the 
moving  force  of  the  power,  exceeding  that  of  the  weight,  and  being 
transmitted  to  the  working  point  undiminished,  will  prevail  over  it, 
and  the  power  and  weight  must  either  have  an  accelerated  motion  in 
the  direction  of  the  power,  or  a  retarded  motion  in  the  direction  of 
the  weight. 

413.  Wlun  the  moment  of  power  is  less  than  tlte  moment  of  weight, 
the  motion  in  direction  of  power  is  retarded.  —  If  the  moment  of 
the  power  be  less  than  the  moment  of  the  weight,  then  the  moving 
force  of  the  power  being  transmitted  to  tlie  weight  and  being  less 
than  the  moving  force  of  the  latter,  the  latter  will  prevail,  and  there- 
fore the  power  and  weight  must  have  either  a  retarded  motion  in  the 
direction  of  the  power,  or  an  accelerated  motion  in  the  direction  of 
the  weight. 

414.  In  equilihrium,  the  velocity  of  the  power  is  to  that  of  the 
weight  as  the  weight  is  to  the  power.  —  If  the  momenta  of  the  power 
aud  weight  be  equal,  we  may  infer  that  the  power  will  bear  to  the 
weight  the  same  ratio  as  the  velocity  of  the  weight  bears  to  the  ve- 
locity of  the  power,  or 


,  the  power  and  weight  will  be  to 
each  other  inversely  as  their  velocities. 

This  is  another  mode,  then,  of  espressing  the  conditions  under 
which  the  power  aud  weight  will  be  in  equilibrium. 
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415.  Power  always  gained  at  (he  expense  of  lime.  —  Ifc  ig  this 
inTerae  proportion  wSich  is  intended  to  be  espreased,  when  it  is  said 
that  power  is  neyer  gained  save  at  the  expense  of  time ;  the  meaning 
of  whi(.h  IS,  that  if  a  small  power  work  agMnst  a  great  resistance,  the 
liU,  at  which  it  moves  the  reastance  will  be  just  so  much  slower 
than  thit  at  which  the  power  itsolf  moves,  as  the  resistance  is  greater 
thin  thi-  power. 

ilb  Ml  paradox  thus  removed  from  mechanical  theorems.  — 
TLis  condition  of  equilibriam,  when  rightly  understood,  removes  all 
paradox  from  the  etatemeiit  of  the  effects  of  machinery.  A  small 
power  working  through  a  large  space,  raising  a  great  weight  through 
a  small  space,  is  merely  an  esj«dient  by  whidi  a  feeble  power  ia 
enabled  to  accomplish  its  task,  by  a  long  auoeession  of  efforts,  with- 
out dividing  the  weight.  To  nuae  the  weight  of  a  ton  by  a  single 
effort  one  foot,  would  require  a  force  equivalent  to  the  weight  of  a 
ton.  But  if,  by  the  intervention  of  a  machine,  a  power  is  enabled 
to  accomplish  this  object  by  2240  distinct  effoi-ts,  each  effort  working 
through  one  foot,  then  suoh  power  need  not  be  more  than  one  pound, 
or  2240  efforts  made  through  the  space  of  one  foot,  each  effort  ex- 
erting the  force  of  one  pound,  will  be  mechanically  equivalent  to 
2240  lbs.,  or  one  ton  raised  through  one  foot,  and  the  effect  produced 
will  be  the  same  as  if  tie  weight  were  actually  divided  into  2240 
equal  parts,  and  the  power  applied  successively  to  raise  each  of  these 
parts  one  foot. 

417.  Utility  of  machinery  ml  limited  to  make  small  powers  over- 
come great  resistance.  —  A  very  inadeciiiate  estimate  would,  how- 
ever, be  formed  of  the  objects  and  the  utility  of  machinery,  if  we 
were  to  suppose  them  only  directed  to  the  particular  class  of  problems 
which  involve  the  motion  of  great  weights  or  resistances  by  small 
powera.  Cases  innumerable  occur,  on  the  contrary,  where  small 
resistances  are  moved  by  great  powers.  For  example,  in  a  locomo- 
tive engine,  while  the  piston  in  the  cylinder  moves  once  backwards 
and  forwards,  the  train,  which  is  the  resistance  overcome,  is  moved 
through  a  space  equal  to  the  circumference  of  the  driving-wheel. 
Now,  if  we  suppose  the  length  of  the  cylinder,  as  frequentiy  happens, 
to  be  one  foot,  and  the  citoumference  of  the  driving-wheel  to  be  fif- 
teen feet,  then  the  velocity  of  the  piston,  or  the  power,  will  be  to  the 
velocity  of  the  train,  or  the  resistance,  as  2  to  15 ;  and  consequently, 
the  power  which  aets  upon  the  piston  must  be  greater  than  the  re- 
sistance of  the  train,  which  is  moved  in  the  proportion  of  15  to  2, 
omitting,  as  usual,  the  consideration  of  friction,  &c.  In  like  man- 
ner, in  a  watch  or  clock,  the  resistance  of  the  object  moved  is  merely 
that  which  is  opposed  to  the  motion  of  the  hands  on  the  dial-plate, 
while  the  moving  power  is  the  energy  of  the  main-spring  or  of  a  de- 
scending weight.  In  both  these  cases,  it  is  obvious  that  the  power 
is  vastly  greater  than  the  weight. 
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The  object  of  machinery,  thei-efoi-e,  may  be  stated  generally  aa 
being  the  means  by  which  the  force  and  motion  of  the  power  are 
modified,  so  aa  to  adapt  them  to  the  force  or  motion  which  is  re- 
quired to  bo  imparted  to  the  object  moved. 

418.  Case  in  which  tlie  point  of  application  of  the  potcer  and  the 
working  point  do  not  move  in  the  direction  of  the  power  and  weight. 
—  In  ali  that  precedes,  it  has  been  assumed  that  the  point  of  appli- 
cation of  the  power  moves  in  the  direction  in  which  me  power  acts, 
and  that  the  motion  imparted  to  the  working  point  is  in  a  direction 
immediately  opposed  to  the  action  of  the  weight  or  resistance.  Thia, 
in  fact,  is  what  generally  takes  place  in  the  practical  construction 
and  operation  of  machineiy ;  for  it  is  evident  that  if  the  point  of  ap- 
plication of  the  power  were  not  free  to  move  in  th  d  t  n  n  whi  h 
the  power  acta,  a  part  of  the  power  would  n  ss  ly  b  It 
and  that  if  the  working  point  did  not  move  in  a  d  t  n  mm  d 
ately  opposed  to  the  weight  or  resistance,  a  pa  t  t  th  f  trans- 
mitted to  the  working  point  wonld  be  inefficient  Bat  a.,  n  ta  n 
cases,  these  conditions  wonld  not  bo  fulfilled,  it  w  Id  b  u  ful  to 
state  how  the  principles  which  have  been  estab!  bed  n  th  p  Et 
chapter  must  be  modified  in  such  caaes. 

If  by  the  oonstruetion  of  the  machinery  the  p   nt    f  appl  cat   n 
of  the  power  moves  in  a  line  different  from  th  t  n  wh  h  th    p  w 
acts,  then  the  efiective  pait  of  the  power  will  b    f      1  by  th    ^      1 
lelogram  of  forces. 

Let  A  {jig.  87.)  be  the  point  of  applicatioE  of  the  power,  and 

A  B 


Fig.  87. 

let  E  be  the  working  point.  Let  A  p  represent  the  direction  of  the 
power,  and  B  w  the  direction  of  the  resistance  or  weight.  Let  a  p 
be  the  direction  in  which  the  point  of  application  is  free  to  move, 
and  let  the  workihg  point  b  be  free  to  move  in  the  direofion  opposite 
to  B  w.  Let  right-angled  parallelograms  be  formed,  having  for  their 
diagonals  A  P  and  b  w,  representing  the  power  and  redstance,  and 
having  their  sides  in  Ike  direction  A.p  and  bw,  in  which  the  point 
of  application  and  the  working  point  are  respectively  liee  to  move. 

The  power  will  then  be  equivalent  to  two  forces  represented  by 
Am  and  Ap;  the  latter,  being  in  the  direction  io  which  alone  the 
point  of  application  can  move,  is  alone  effective;  that  part  of  the 
power  represented  by  a  vi  will  necessarily  be  espended  in  preasnre 
aod  strain  upon  the  fed  points  of  the  machine.  C^ddolr 
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In  like  manner,  the  weight  or  resistance  represented  by  B  w  ia 
equivalent  to  two  foroes  E  w  and  B  n ;  the  force  B  wi  hcing  in  tlie 
direction  against  which  aloaa  the  working  point  can  aot,  is  that  por- 
tion of  the  weight  or  resistance  which  the  working  point  wUl  aot 
against :  the  remainder  of  the  weight  will  produce  strain  or  preaaure 
on  the  fixed  point. 

In  the  application  of  the  principles  which  determine  the  relation 
of  the  power  and  weight  in  cases  of  equilibrium  which  have  heeii 
estahlished  in  the  present  chapter,  the  effective  portion  only  of  the 
power  and  weight  will  be  to  ho  taken  into  accoitnt.  Thus  the  power 
is  to  be  considered  as  represented  bj  Ap,  and  the  weight  bj  B  w. 

These  principles  will,  be  rendered  mora  clearly  intelligible  when' 
they  have  been  illustraf«d  in  their  application  to  the  simple  machines. 


CLASSIFICATION   OP   81  Ml 

419.  Machines  simple  and  complex.  —  Machines  which  are  c( 
posed  of  two  or  more  parts  acting  one  upon  another,  are  called  a 
plex  machines, 

Machines  which  consist  only  of  one  part  are  called  ample  i 
chines. 

The  several  parts  composing  a  complex 
simple  machines. 

,  In  a  complex  machine  the  effect  of  the  power  is  transmitted  suc- 
cessively through  each  of  the  parts  composing  it  until  it  reaches  the 
working  point. 

The  effect  of  comples  machines  is  determined  by  combining  to- 
gether the  separate  effects  of  the  simple  machines  of  which  they  are 
composed. 

To  estimate  the  effects  of  machinery,  therefore,  it  will  be  neces- 
sary, in  the  first  instance,  to  explain  the  principles  of  simple  ma- 
chinery. 

420.  Classification  of  simple  machines.  —  Simple  machines  have 
been  differently  enumerated  by  different  writers.  If  the  object  bo 
to  group  in  the  smallest  possible  number  of  distinct  classes  those 

s  whose  efficacy  depends  on  the  same  principle,  the  simple 
3  may  be  comprised  under  the  following  three  denomina- 


.  A  solid  body  turning  on  an  axis. 

II.  A  flesihle  cord. 

III.  A,  hard  and  smooth  inclined  surface. 
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No  twith  stall  ding  ttc  iaSnite  variety  of  machinery,  and  of  tlie  pai'ts 
eomposiug  it,  it  will  be  found  tliat  thoae  parts  may  invariably  be 
brougiit  under  one  or  other  of  the  above  classes. 

421.  Condition  of  equilibrium  of  a  maciane  having  a  fixed  axis. 
—  In  a  machine  composed  of  a  solid  body  turning  on  aa  axis,  all 
the  parts  are  carried  round  such  axis  aa  a  common  centre,  and  de- 
scribe circles  round  it  in  the  same  time.  It  is  evident  that  the 
magaitude  of  these  circles,  and  consequently  the  velocities  of  the 
different  parts,  will  be  proportional  to  their  respective  distances  from 
the  axis  in  which  their  common  centre  lies. 

But  since  it  has  been  already  shown  that  when  the  power  and 
weight  are  in  equilibrium  they  must  be  inversely  as  the  velocities  of 
the  points  to  wtieh  they  are  applied,  it  follows  that  any  power  and 
weight  applied  to  such  a  machine  will  be  in  tie  inverse  proportion 
of  their  distances  from  the  asis  when  they  are  in  equilibrium. 

It  must  be  understood,  in  the  application  of  this  impfirtant  prin- 
ciple, that  the  power  and  weight  are  supposed  to  act  in  the  direction 
of  the  motion  of  the  parts  to  which  they  are  respectively  applied. 
If  they  do  not  act  in  this  direction,  then  they  must  be  resolvwi  by 
the  principle  of  the  composition  of  force  into  two  forces,  one  acting 
in  the  direction  of  the  motion  of  the  point  of  application,  and  the 
other  in  a  direction  being  a  point  upon  the  asis. 

This  has  been  already  explained  (418.), 

422.  Condition  of  eguiliirium  of  a  fiexihh  cord.  —  The  second 
class  of  simple  machines  includes  all  those  in  which  a  force  is  trans- 
mitted  by  means  of  flexible  threads,  ropes,  or  chains.  The  principle 
by  which  the  effects  of  those  machines  is  estimated  is,  that  the  ten- 
sion throughout  the  whole  length,  of  the  same  cord,  provided  it  be 
flexible  and  free  from  the  effects  of  friction,  must  be  the  same. 

Thus,  if  a  force  acting  at  one  end  be  balanced  by  a  force  acting  at 
the  other  end,  however  the  cord  may  be  bent,  or  whatever  course  it 
may  be  oompelJed  to  take,  by  any  cause  which  may  affect  it  between 
its  ends,  these  forces  must  be  equal,  provided  the  cord  be  free  to 
move  over  any  obstacles  which  may  deflect  it. 

This  class  includes  all  the  various  forms  of  pulleys. 

423.  Condition  of  equilibrium  of  a  weight  upon  a  hard  inclined 
surface.  —  The  third  class  includes  all  those  oases  in  which  the 
weight  or  resistance  is  supported  or  moved  upon  a  hard  surface  in- 
clined to  the  direction  in  which  the  weight  or  resistance  itself  acts. 

The  effects  of  such  machines  may  be  estimated  by  the  principles 
already  explained. 

The  ioixe  of  the  weight  or  resistance  being  resolved  info  two  other 
forces  by  the  principle  of  the  composition  of  force,  one  of  these  two 
forces  will  be  perpcudicular  to  the  surface,  and  thus  supported  by  its 
rea«;tion;  the  other  will  be  parallel  to  it,  and  wiU  act  against  the 
power. 
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424.  Classification  of  the  mechanic  powers.  —  The  first  class  of 
simple  maciiiiiea  above  mentioned,  consisting  of  a  solid  body  revolv- 
ing on  an  axis,  is  tisuaJly  subdivided  into  two. 

1st.  The  lever,  whiob  consists  of  a  solid  bar,  straight  or  tent,  test- 
ing npon  a  prop,  pivot,  or  axis, 

2i3.  A  cyliader  connected  with  a  wheel  of  ranch  greater  diameter 
moving  round  a  centre  or  axis.  THs  combination  is  called  the  wheel 
and  axle. 

The  second  class  inclndes  the  pulley. 

The  third  class  includes  the  simple  machines,  commonly  known  aa 
the  inclined  plane,  the  wedge,  and  the  screw;  the  last  being,  as  will 
appear  hereafter,  nothing  more  than  an  inclined  piano  rolled  round  a 
cylinder. 

The  classes,  therefore,  of  the  simple  machines,  as  they  are  gene- 
rally received,  and  which  are  known  as  the  mechanical  powers,  ate 
the  sis  following ; — 
I.  The  lever. 
II.  The  wheel  and  axle, 

III.  The  pulley. 

IV.  The  jnelined  plane. 
V.  The  wedge. 

VI.  The  screw. 

We  shall  accordingly  explain  these  in  the  following  chapters,  and 
show  the  most  important  varieties  and  combinationa  of  which  they 


CHAP.  III. 

THE    LEVER. 

425.  Levers :  first,  second,  and  third  lands. — A  straight  and  solid 
bar  turning  on  an  axis,  is  called  a  lever. 

The  arms  of  the  lever  are  those  parts  of  the  bar  extending  on 
each  side  of  the  axis. 

The  axis  is  called  the  fulcrum  or  prop. 


Fig,  88. 
Levers  arc  commonly  divided  into  three  kinds,  according  to  the 
position  which  the  fulcrum  has  in  relation  to  the  power  and  weight. 

If  the  fulcrum  bo  between  the  power  and  weight,  aa  rti-fig.  88., 
the  levor  is. of  the  first  kind. 
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Fig.  8 


Fig.  90. 


If  the  power  be  between  tte  fulcrum  and  weigbt,  as  in  Jig.  90., 
tlie  lever  is  of  the  third  kind. 

426.  Condition  of  equilibrium. — Of  whateTer  kind  the  lever  may 
be,  the  conditions  of  equilibrium  of  the  power  and  weight  will  be 
such  that  they  are  inversely  as  their  distances  from  the  fulcrum,  this 
being  the  general  condition  of  equilibrium  for  all  machines  which 
turn  round  a  fised  axis  (421.).  It  follows,  therefore,  that  in  figs. 
88.,  89.,  and  90.,  we  shall  have 


or,  Up  express  the  distance  of  tbe  power  froi 
the  distance  of  the  weight  from  the  fulcrum,  v 


This  statement,  as  will  be  perceived,  is  nothing  mfie  than  a  repe- 
tion  of  the  general  principle  affecting  machines  which  turn  on  aa 
axis,  in  virtue  of  which  forces  upon  them  are  in  equilibiium  when 
their  momenls  round  the  axis  are  equal.  The  moment  of  the  power 
iav  X  p,  and  the  moment  of  the  weight  iaw  X  le.  The  tendency 
of  the  power  to  turn  the  lever  round  its  fulornm  in  the  direction  of 
the  power  is  espressed  by  the  moment  f  X  p,  and  the  tendency  of 
the  weight  to  turn  the  lever  in  the  contrary  direction  is  expressed 

b,  TV  X  ». 

427.  Ejfect  of  power  or  loeigkt  varies  as  their  leverage.  —  It  fol- 
lows, therefore,  that  the  tendency  of  the  power  to  turn  the  lever 
would  be  augmented  either  by  increasing  the  amount  of  the  power  P, 
or  bj  inoreasmg  its  distance  p  from  the  fulcrum.  In  either  case  the 
effect  will  be  increased  in  a  corresponding  proportion.  Thus,  if  we 
remove  the  power  to  double  its  distance  from  the  fulcrum,  we  shall 
double  its  effect;  and  if  we  remove  it  to  half  its  distancej  we  shall 
diminish  its  effect  one  half. 

The  distance  of  a  force,  whether  power  or  weight,  from  the  fulcrum, 
is  called  ita  leverage ;  aad  it  is  evident  from  what  has  been  stated, 
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that  the  effecta  of  anj  force  applied  to  a  Idyct,  will  be  proportional  to 
its  loYerage. 

428.  When  power  or  loeight  is  oblique  to  the  lever.  —  If  tte  forces 
app2ed  to  a  lever  do  not  act  perpendknilar  to  it,  their  effect  will  be 
found  by  drawing  from  the  fulcrum  a  perpendicular  on  their  direc- 
tions.    This  perpendicular  will  be 
/  their  leverage.     Thus  in_^.  91., 

n/  if  the  power  act  iu   the  direction 

/      V  B  V,  draw  ¥  N  perpendicular  to  the 

jj  /  "'■■^.F  direction  p  b  i^f;   the  power  will 

A  1       have  the  same  effect  in  turning  the 

I       lever,  as  if  it  acted  at  n  upon  the 
IS^  lever  N  r.     The  moment  of  the 


Fig.  91.  power,  1 

be  found  by  multiplying  it  by  r  n, 
the  perpendicular  distance  of  its  direction  from  the  fulcrum. 

In  general,  therefore,  the  leverage  of  any  force  applied  to  such  a 
machine  is  estimated  by  the  perpendicular  distance  of  the  direction  of 
such  force  from  the  fulcrum. 

429.  Relation  of  power  and  weight  in  levers  vf first,  second,  and 
third  kinds.  —  In  a  lever  of  the  first  kind,  the  power  and  weight  may 
be  equal,  and  will  he  so  when  their  leverages  are  equal. 

The  weight  may  be  less  than  the  power,  and  it  will  he  so  when  it 
is  at  a  greater  distance  from  the  fulcrum  than  the  power. 

The  power  may  he  less  than  the  weight,  and  it  will  he  so  when  it 
is  at  a  greater  distance  from  the  fulcrum  than  the  weight. 

In  a  lever  of  the  second  iind,  the  weight,  being  between  the  ful- 
crum and  the  power,  must  be  at  a  less  distance  from  the  fulcrum  than 
the  power,   and  must  consequently  he  always  greater  than  the 

In  a  lever  of  the  third  kind,  the  power  being  between  the  fulcrum 
and  the  weight,  will  be  at  a  less  distance  from  the  fiilomm  than  tie 
weight,  and  conaecjuently  in  this  case  the  power  must  always  be 
greater  than  the  weight. 

430.  Examples  of  levers  of  first  kind.  —  Balance.  —  Numerous 
esamples  of  levers  of  the  first  kind  may  he  given.  A  balance  is  a 
lever  of  this  kind  with  equal  arms,  in  which  the  power  and  weight 
are  necessarily  equal.  The  dishes  are  suspended  by  chains  oi-  cords 
from  points  precisely  at  equ^  distances  from  the  fiilorura,  and  being 
themselves  adjusted  so  as  to  have  precisely  equal  weights,  the  balance 
will  rest  in  equilibrium  when  the  dishes  are  empty.  To  maintain 
this  equilibrium,  it  is  evident  that  equal  weights  must  bo  put  into  the 
twodish^;  the  slightest  inequality  would  give  a  preponderance  to 
one  or  the  other  dish. 

431.  Steelyard.  —  A  steelyard  is  a  lever  with  unequal  arms ;  the 
power,  being  represented  by  a  sliding  weight,  is  adjusted  so  that  ita 
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e  may  be  cliatiged  at  pleasure.     These  and  similar  instruments, 
are  used  for  the  pm-pose  of  weighing  in  commerce. 

432.  Crowbar,  poker,  scissors,  Sfc.  —  A  orowbftt  is  a  lever  of  tte 
first  kind.  In  this  instrument,  when  used,  for  example,  to  raise  a 
block  of  stene,  the  fulcrum,^^,  92.,  is  another  stone  f  placed  near 


tliat  which  is  to  be  raised,  and  the  power  of  the  hand  II  is  placed  at 
the  other  end  of  the  bar. 

A  poker  applied  to  raise  fuel  is  a  lever  of  the  first  kind,  the  ful- 
cram  beiag  the  bar  of  the  grate. 

Scissors,  shears,  nippers,  pineei^,  and  other  aimilar  instruments  are 
composed  of  two  levers  of  the  firat  kind,  the  falorum  being  the  joint 
or  pivot,  and  the  weight  the  resistance  of  the  substance  to  be  out  or 
seized,  the  power  being  the  fingers  applied  at  the  other  end  of  the  levers. 
The  brake  of  a  pump  is  a  lever  of  the  first  kind,  the  pump-rods 
and  piston  being  the  weight  to  be  raised. 

433.  Examples  of  levers  of  second  kind.  —  Oar,  rudder,  citop- 
ping-knife,  door,  wiheeliarrow,  ^c.  —  Examples  of  levers  of  the 
second  kind,  though  not  so  frequent,  are  not  uncommon. 

An  oar  is  a  lever  of  the  second  kind.  The  reaction  of  the  water 
against  the  blade  is  the  fulcrum.  The  boat  is  the  weight,  and  the 
hand  of  the  boatman  the  power. 

The  rudder  of  a  ship  or  boat  is  an  example  of  this  kind  of  lever, 
and  explained  in  a  similar  way. 

The  ohopping-kaife,  jig.  93.,  is  a  lever  of  the  second  kind.     The 

end  r  attached  to  the  bench  is  the  ftilcmm,  and 

p       the  weight  the  resistance  of  the  substance  E  to 

^^:J^^  be  cut. 

F  ...---••'''T'^  a  door  moved  upon  its  hinges  is  anotlior 

^i^^^^^^^      example. 

p-     33  Nutcrackers   are  two  levers   of  the   second 

'  kind,  the  hinge  which  unites  them  being  the 

fulcrum,  the  resistance  of  the  shell  placed  between  them  being  the 
fl'eight,  and  the  hand  applied  to  the  extremity  being  the  power. 

A  wheelbarrow  is  a  lever  of  the  second  kind,  the  fulcrum  being 
the  point  at  which  the  wheel  presses  on  the  ground,  and  the  weight 
being  that  of  the  barrow  and  ite  load  eoUeoted  at  their  centre  of 
gravity. 
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The  same  observation  may  be  applied  to  all  two-wlieeleii  eamagOB 
which  are  partly  sustained,  by  the  aaimal  which  draws  them. 

434.  Examples  of  levers  of  third  kind.  —  Limbs  of  animals, 
treadle  of  the  lathe,  tongs,  4-c.  — Levers  of  the  third  kind,  acting, 
sa  has  been  explained,  to  meohaiiical  disadvantage,  the  power  being 
always  greater  than  the  weight,  are  of  l^s  frequent  use.  They  are  adopt- 
ed only  where  rapidity  and  dispatch  are  required  more  than  power. 

The  most  sfiiking  examples  of  levers  of  the  third  kind  are  found 
in  the  animal  economy.  The  limbs  of  animals  are  generally  levera 
of  this  description.  The  socket  of  the  bone  is  the  fulcrum,  a  strong 
muscle  attached  to  the  bone  near  the  socket  is  the  power,  and  the 
weight  of  the  Hmb,  together  with  whatever  resistance  is  opposed  lo 
its  motion,  is  the  weight.  A  slight  contraction  of  the  mnscle  in  this 
case  gives  a  considerable  motion  to  the  limb :  this  effect  is  particu- 
larly conspicuous  in  the  motion  of  the  arms  and  legs  in  the  hiiman 
body;  a  very  inconsiderable  contraction  of  the  muscles  at  the  shoul- 
ders and  hips  gives  the  sweep  to  the  limbs,  from  which  the  body 
derives  so  much  activity. 

The  treadle  of  the  turning-lathe  is  a  lever  of  the  third  kind.  The 
hinge  which  attaches  it  to  the  floor  is  the  fulcrum,  the  foot  applied  to 
it  near  the  hinge  is  the  power,  and  the  crank  upon  the  axis  of  the 
fly-wheel,  with  which  its  extremity  is  connected,  is  the  weight. 

Tongs  are  levers  of  this  kind,  as  also  the  shears  used  iu  shearing 
sheep.  Tq  these  cases  the  power  is  the  Land,  placed  immediately 
below  the  fulcrum  or  point  where  the  two  levers  are  connected. 

435.  How  to  determine  the  pressure  on  the  fulcrum  of  a  lever. — 
The  pressure  on  the  fulcrum  of  a  lever,  when  the  power  and  weight 
are  in  equilibrium,  is  determined  by  the  principle  of  the  composition 
of  forces.  In  a  lever  of  the  first  kind,  the  resultant  of  the  power 
and  weight  is  a  single  force  passing  through  the  fulcrum,  equal  to 
their  sum ;  consequently,  the  pressure  on  such  point  will  be  equal  to 
the  sum  of  the  power  and  weight. 

In  a  lever  of  the  second  and  third  kind,  the  power  and  weight  act- 
ing in  contrary  directions,  will  have  a  resultant  equal  to  their  differ- 
ence passing  through  the  fulcrum.     This  resul- 
tant will  therefore  express  the  procure  on  tie 
fulcrum. 

43C.  Rectangular  lever.  — In  the  rectangular 

lever,  the  arms  are  perpendicular  to  each  other, 

and  the  fulcrum  ^,Jig.  94.,  is  at  the  right  angle. 

The  moment  of  the  power  in  this  case  is  p  mul- 

Jw      tiplied  by  ap,  and  that  of  the  weight  w  multi- 

Bl        piicd  by  B  E.     When  the  inttmrnent  is  in  equili- 

jpj     g,  brium,  these  moments  must  be  equal. 

When  the  hammer  is  used  for  drawing  a  nail, 
a  lever  of  this  kind ;  the  claw  of  the  hammer  is  the  shorter  arm, 
194 


.r 


THE  LEVER.  195 

tte  resistance  of  the  imil  ia  tlie  weight,  and  the  hand  applied  to  tho 
handle  is  the  power. 

437.  Effect  of  beam  resting  on  two  props.  -, —  When  a  beam,  rests 
on  two  props,  A  B,  fig.  95.,  and  supports  at  some  intennediato  place 

c  a  weight  w,  this  weight  is  distributed  between 
AC  B  the  props  in  a  manner  which  may  be  determined 

1&        [^  ^  by  the  principles  already  osplained. 

w  If  the  pressure  on  the  prop  E  be  considered  aa 

Fig.  95.  a  power  sustaining  the  weight  W  by  means  of  the 

lever  of  the  second  kind  b  a,  then  this  power 
multiplied  by  b  A  must  bo  equal  to  the  weight  multiplied  hy  c  a. 
Hence  the  pressure  on  B  will  be  the  same  fraelion  of  the  weight  as 
the  part  A  o  is  of  A  B.  In  the  same  manner  it  may  he  proved  that 
the  pressure  on  a  is  the  same  fraction  of  the  weight  aa  B  c  is  of  B  A. 
Thus,  if  A  0  be  one  third,  and  therefore  B  o  two  thirds  of  B  A,  the 
pressure  on  B  will  be  oae  third  of  the  weight,  and  the  pressure  on  A 
two  thirds  of  the  weight. 

It  follows  from  this  reasoning,  that  if  the  weight  he  in  the  middle, 
equally  distant  from  B  and  A,  each  prop  will  sustain  half  the  weight. 
The  efleot  of  the  weight  of  the  beam  itself  may  be  determined  by 
considering  it  to  be  collected  at  its  centre  of  gravity.  If  this  point, 
therefore,  De  equally  distant  from  the  props,  the  weight  of  the  beam 
will  be  equally  distributed  between  them. 

According  to  these  principles,  the  manner  in  which  a  load  borne 
on  poles  is  distributed  between  the  bearers  may  bo  ascertained.  As 
the  efforts  of  the  bearers  and  the  direction  of  the  weight  are  always 
parallel,  the  position  of  the  poles  relatively  to  the  horizon  makes  no 
difference  in  the  distribution  of  the  weighia  between  them.  Whe- 
ther they  ascend  or  descend,  or  move  on  a  level  plane,  the  weight 
will  he  similarly  shared  between  them. 

If  the  beam  extend  beyond  the  prop,  as  la  fig.  96.,  and  the 
weight  he  suspended  at  a  point  not  placed  be- 

','    ■  -  •■ — ^  twceo  them,  the  props  must  bo  applied  at  differ- 

35  ent  sides  of  the  beam.     The  pressure  which  they 

^v  sustain  may  be  calculated  in  the  same  mauaer  aa 

Fig-  9G-  in  the  former  case. 

The  pressure  of  the  prop  B  may  bo  considered 
aa  a  power  sustaining  the  weight  w  by  means  of  the  lever  B  c. 
Hence,  the  pressure  of  b  multiplied  by  b  a,  must  he  equal  to  the 
weight  w  multiplied  by  a  c.  Therefore,  the  pressure  on  b  hears  the 
saioe  proportion  to  the  weight,  as  A  0  does  to  a  b.  In  the  same 
maTmer,  considering  B  as  a  fulcrum,  and  the  pressure  of  the  prop  A 
as  the  power,  it  may  be  proved  that  the  pressure  of  a  bears  the  same 
proportion  to  the  weight,  as  the  line  E  c  does  to  A  B.  It  therefore 
appears,  that  the  pressure  on  the  prop  A  is  greater  than  the  weight. 

438.  Condilion  of  equiUbriian   in  the   compound   lever.  —  A 
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coml)iiiation  eonsiating  of  sev- 

F_   r- ^- — . F"         oral  lovers   actiug  one  upon 

pf^        1~F         ^'    p^        4  "lw another,  as  represented  m^g. 
^  |»    97-,   is    called    a  compound 

Fig.  97.  lever. 

The  matmer  in  which  the 
effect  of  the  power  ia  transmitted  to  the  weight  may  he  investigated 
by  coB^dering  the  effect  of  each  lever  Buccessively.  The  power  at  p 
produces  an  upward  force  at  t/,  which  hears  to  P  the  sime  proportion 
as  E  r  to  p'  I".  Therefore,  the  effect  at  p'  is  as  many  times  the  power 
as  the  liue  p  F  is  of  p'  f.  Thus,  if  p  F  be  ten  times  p'  F,  the  upward 
forco  at  p'  is  ten  times  the  power.  The  arm  p'  r'  of  the  second  lever 
is  pressed  upwards  by  a  force  equal  to  ten  times  the  power  at  p.  In 
the  same  manner,  this  may  be  shown  fo  produce  an  effect  at  p"  as 
many  times  greater  than  p'  as  p'  f'  ie  greater  than  p"  F'. 

Thus,  if  p'  p'  be  twelve  times  p"  p',  the  effect  at  p"  will  he  twelve 
times  that  of  p'.  But  this  last  was  ten  times  the  power,  and  there- 
fore J"  will  be  one  hundred  and  twenty  limes  the  power.  In  the 
same  manner,  it  may  be  shown  that  the  weight  w  is  as  many  limes 
greater  than  the  effect  at  p",  as  p"  f"  is  greater  than  w  f".  If  p"  f" 
be  five  times  W  f"  the  weight  will  be  five  times  the  effect  it  p" 
But  this  effect  is  one  hundred  and  twenty  fames  the  power,  and  there 
fore  the  weight  would  he  six  hundred  times  the  power 

In  the  same  manner,  the  effect  of  any  compound  system  of  levers 
may  he  ascertained  by  taking  tlie  proportion  of  the  we  ght  to  the 
power  in  each  lever  separately,  and  multi2ljing  the  e  numheis  to 

In  fhe  example  given,  these  pro- 
portions are  10,  12,  and  5,  which, 
multiplied  together,  give  600.  In 
^g.  97.  the  levers  composing  the 
system  are  of  the  first  kind ;  but 
the  principles  of  the  caleuktioE 
wiU  not  be  altered,  if  they  be  of 
the  second  or  third  kind,  or  some 
of  one  kind  and  some  of  another. 

43^*  The  knee  lever.  —  A  form 
of  oompoimd  lever,  known  as  the 
j^  knee  lever,  is  much  used  in  the 
iits  This  combination  consists  of 
a  mefal  rod  A  B,  f.g.  98.,  having 
a  fised  point  of  support  A,  on  which 
tt  works.  Another  bar  G  c  is 
joined  to  it  at  0,  a  point  inteime- 
diate  between  A  and  b.  This  bar 
c  G  IS  jointed  at  G  to  a  plate,  such 
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as  Bj  or  any  otter  object  to  wliioh  it  is  desired  to  traDsiait  an 
intense  forue  acting  through  a  Tery  limited  space,  as  for  esample,  in 
the  case  of  tlie  piiuting  press,  where  the  paper  is  pressed  upon  the  type  by 
a  plate  which  is  driven  upon  it  by  a 
Budden  and  severe  force.  The  handle 
I  B  of  the  lever  being  pressed  in  the  di- 
l  Motion  of  the  arrow,  eserts  a  corres- 
ponding pressure  on  the  point  o,  which 
is  driven  in  the  direction  c  d,  perpen- 
dicular to  A  B.  This  motion  c  D  is 
resolved  into  two  by  the  parallelogram 
of  forces,  one  in  the  direction  o  e,  and 
the  other  in  the  direction  c  p ;  the 
d  latter  exerts  pressure  on  the  fixed 
I  point  A,  and  uie  other  acts  upon  the 
i  plate  B,  by  means  of  the  joint  o  fore- 
I  ing  it  downwards.  As  the  joint  o  ad- 
I  vances,  the  angle  A  0  G  becomes  more 
e  obtuse,  and  the  component 
C  B  of  the  force  acting  at  B  bears  a 
rapidly  increasing  proportion  to  the 
force  itself,  so  that  when  the  levers 
A  C  and  c  0  come  nearly  into  a  right 
line,  the  pressure  exerted  at  B  is  aug- 
mented  at  o  in  an  almost  Infinite  pro- 
portion. 

440.  Beautiful  example  of  com' 
plex  leverage  in  the  mechanism  which 
connects  the  key  and  hammer  in 
~  "i  ]>iano-foTle.  —  In  this  in- 
:t,  the  object  is  to  convey  from 
the  point  where  the  finger  aots  upon 
the  key,  to  that  at  which  the  hammer 
acts  upon  the  string,  all  the  delicacy 
of  action  of  the  finger,  so  that  tho  piano 
may  participate,  to  a  certajn  extent,  in 
that  sensibUity  of  touch  which  is  ob- 
servable in  the  harp,  and  which  is  the 
oonsequenoe  of  the  finger  acting  im- 
mediately on  the  sti'ing  in  that  instra- 
ment,  without  the  intervenlaon  of  any 
other  mechanism. 

The  combination  of  levers,  by  which 
the  action  of  the  finger  is  ' 
I  to  the  string,  in  Erard's 
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The  key  is  roprasonfcd  at  h  ac,  the  centre  or  pivot  on  which  it 
plays  being  a,  and  the  ivory  fable  upon  which  the  finder  acts  being 
at  b.     The  point  to  which  its  motion  is  communicated  is  at  c. 

This  motion  is  transraitled  by  a  double-jointed  piece  d  to  an  inter- 
mediate lever  e/,  the  pivot  of  which  is  at  e.  At  the  joint/ is  a  rod 
g  called  the  sticker,  which  carries  np  the  hammer  to  the  string. 
The  hammer  is  supported  by  the  head  of  the  sticker  g,  and  at  the 
same  time  rests  upon  the  oblique  lever  i,  which  latter  ia  acted  upon 
by  the  spring  h 

When  the  key  is  pressed  down  by  the  finger  at  6,  the  piece  d  ia 
raised,  and  by  it  the  lever /and  the  sticker  g.  This  lever  raises  the 
lever  i,  and  acts  upon  the  rod  of  the  hammer  at  a  point  near  the 
joiut,  making  tha  hammer  rise  along  the  dotted  curve  so  as  to  strike 
the  string. 

The  proportions  of  this  combination  of  levers  are  such,  thai,  after 
the  blow  of  the  hammer  on  the  string,  the  check  k  comes  forward 
and  receives  the  hammer  in  its  fall,  at  about  one  third  of  its  orieinal 
distance  from  the  string;  so  that  while  the  finger  continues  to  lieep 
down  the  key,  the  hammer  remains  at  a  distance  from  the  sti'ing, 
equal  to  one  third  of  its  distance  when  the  key  is  not  depressed. 

In  the  meantime,  the  spring  h  has  given  way  undei'  the  weight  of 
the  hammer,  and  under  these  circumstances,  the  key  h  being  allowed 
to  rise  by  the  finger  through  one-third  of  its  play,  and  then  again 
bebg  depressed,  another  stroke  of  the  hammer  on  the  string  will  be 

E reduced;  for  in  this  case  the  hammer  will  be  brought  back  to  the 
ivel  of  the  head  of  the  sticker  g,  by  which  means  it  will  be  driven 
upwards  upon  the  depression  of  the  key. 

In  the  combination  of  levers  used  in  other  pianofortes,  the  note 
cannot  be  repeated  without  allowing  the  key  to  rise  to  the  portion  it 
has  before  it  is  depressed;  consequeufly  in  this  case,  a  repetition  of 
the  note  is  produced  with  one-third  of  the  motion  of  the  finger  which 
is  necessary  m  other  pianofortes. 

It  must  be  understood  that  this  mechanism  affects  only  the  touch 
of  these  instruments.  The  quality  of  tone  for  which  they  have  been 
so  long  remarkable  depencb  ou  other  and  different  mechanical  arrange- 
ments. 

441.  Power  of  a  macJdne,  how  expressed. — That  number  which 
expresses  the  proportion  of  the  weight  to  the  equilibrating  power  in 
any  machine,  we  shall  call  the  power  of  tlie  machine.  Thus  if,  in  a 
lever,  a  power  of  one  pound  support  a  weight  of  ten  pounds,  the 
power  of  the  machine  is  ten.  If  a  power  of  2  lbs.  support  a  weight 
of  11  lbs.,  the  power  of  the  machine  is  5^,  2  being  contained  in  11 
!j^  times. 

442.  Equivalent  lever. — As  the  distances  of  the  power  and  weight 
from  the  fulernm  of  a  lever  may  be  varied  at  pleasure,  and  any  as- 
signed proportion  given  to  them,  a  lever  may  always  be  conceived 
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Laving  a  power   equal  to  that  of  any  given   machine.      Such   a 
lever  .may  be  called,  in  relation  to   that  machine,  the  cquwalenl 

443,  Complex  machine  may  he  represented  hy  an  equivalent  com- 
pound  lever. — As  every  oomples  machine  consists  of  a  numher  of 
simple  machines  acting  one  upon  another,  and  as  each  simple  ma- 
chine may  he  represented  by  an  equivalent  lever,  the  oomples  ma- 
chine will  be  represented  by  a  compound  system  of  eqnivalent  levers. 
From  what  baa  been  proved,  it  therefore  follows,  that  the  power  of  a 
complex  machine  may  he  oalonlated  by  multiplying  together  the 
powers  of  the  several  simple  machines  of  which  it  is 


WHEEL-WOEK, 

444.  The  wheel  and  axle. — The  form  of  simple  machine  de- 
nominated the  wheel  and  axle,  consists  of  a  cylinder  which  rests  in 
pivots  at  its  extremities,  or  is  supported  in  gudgeons,  and  is  capable 
of  revolving  between  those  pivote,  or  in  those  gudgeons.  Attached 
to  this  cylinder,  and  supported  on  the  same  pivots  or  gudgeons,  a 
wheel  is  fixed,  so  that  the  two  revolve  together  with  a  common 
motion.  The  weight  ia  supported  by  a  rope  or  chain,  which  winds 
round  the  asle,  and  the  power  by  another  rope  or  chain  which  winds 
round  the  wheel. 

Such  an  awangement  is  represented  in  Jig. 
""  100,  where  w  ia  the  weight,  A  and  B  the  pivots 
or  gudgeons,  0  the  wheel,  and  P  the  power. 

445.  Condition  of  equHihriuta. — The  con- 
dition of  equilibrium  ■  is,  according  to  what  has 
been  already  proved,  the  inverse  proportion  of 
the  power  and  weight  to  the  diameters  of  the 
wheel  and  axle;  that  is  to  say,  the  power  is  to 
the  weight  as  the  diameter  of  the  asle  is  to  the 
diameter  of  the  wheel. 

The  weight  is  generally  applied,  as  represented 
ans  of  a  rope  coiled  upon  the  asle. 
446.  Various  toays  of  applying  potoer. — The  mauner  of  applying 
tho  power  is  very  various.  Somelimea  the  circumference  of  the 
wheel  is  furnished  with  projecting  points,  as  represented  in  fg.  100, 
to  which  the  hand  is  appEed  when  human  force  is  the  power. 

Examples  of  this  are  numerous :  a  fiimiliar  one  if 
steerage-wheel  of  a  ship. 
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447.  IPiW?ass.—Tn  the  commoQ  windlass,  tlie  power  is  applied 
by  ineaDS  of  a  winck  v  c,  as  repvesented  in  ^g.  101.  The  arm  b  0 
of  the  winch,  represents  the  radius  of  tlie  wheel,  and  the  power  is 
applied  to  D  c  at  right  angles  to  B  c. 

In  some  cases  no  wheel  is  attached  to  the  axle,  Imt  it  is  pierced 


Fig.  101. 

with  boles,  directed  toward'^  its  centre,  in  which  long  levers  ore  in- 
cessantly inserted,  and  a  continuous  action  produced  by  several  men 
working  at  the  same  time,  so  that  whilst  some  are  transferring  the 
levers  fi'om  hole  to  hole,  oliiers  are  working  the  windlass,  J^.  102. 

448.  The  capstan. — The  axle  is  sometimes  placed  in  a  Yertical 
portion,  the  wheel  or  levers  heing  moved  horizontally. 

The  capstan  is  an  example  of  Siis.  A  vertical  axis  is  fixed  in  the 
deck  of  the  ship,  the  circumference  being  pierced  with  holes  pre- 
sented towar  la  ito  centre 

These  holes  receive  long  levers,  as  represented  in_^^.  102.  The 
men  who  w  rk  the  caj;  tin  walk  continually  round  the  asle,  pressing 
forwarl  the  levus  ncai  their  extremities. 


Fig.  103. 


Fig.  104. 


449,  The  tread-mill,  ^c.  —  In  some  cases  the  wheel  k  turned  by 
the  weight  of  animals  placed  at  its  circumference,  who  move  forward 
as  fast  as  the  wheel  descends,  so  as  to  maintain  their  position  con- 
tinually at  the  extremity  of  the  horizontal  diameter.  The  tread- 
mill, ^jg',  103.,  and  certain  cranes,  such  as^g'.  104.,  are  examples  of 
this. 
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450.  Waier-vkeeh,  over  shot,  under  sliol,  and 
breast-wheels. — In  water-wheels  tlie  power  is  the 
weight  of  water  contained  in  buckets  at  the  circum- 
ferenoe,  aa  in^.  105.,  which  ia  called  an  oversliot 
wheel ;  and  sometimes  the  impulse  of  water  against 
float-hoards  at  the  citotiinference,  aa  on  the  under- 
shot w\ie&l,Jtg.  106.  Both  these  principles  act  ia 
^.  107. 


Fig,  107, 


It  often  happens,  in  the  practical  application  of  tlie  wlioel  and  axle, 
that  the  power  acts  not  cnntmually  like  a  descendiug  weight,  bat  with 
intermitting  efforts.  In  ouch  case,  the  machinery  would  be  liable  to 
react  during  the  suspension  of  the  power.  An  expedient  called  a 
ratchet-wheel  is,  used  to  prevent  this.  Such  a  wheel  is  represented 
at  a  in  Jig.  100.  It  is  a  wheel  fumishecl  with  teeth,  placed  ia  a 
direction  contrary  to  that  in  which  it  moves.  A  click  or  bent  bar 
falls  between  these  teeth,  and  the  combined  effect  of  this  click  and 
the  teeth  is  such,  that  the  wheel  is  at  liberty  to  move  in  one  direc- 
tion, the  click  falling  successively  between  the  teeth,  but  its  motion 
in  the  otlier  direction  is  checked  by  the  pressure  of  the  click  against 
the  teeth. 

From  what  has  been  already  explained,  it  is  evident  that  the  effect 
of  the  power  upon  the  weight  would  be  augmented  by  diminishing 
the  thickness  of  the  axle,  and  diminished  by  increasing  that  thick- 
ness, 

451.  Case  iniDliich  the  power  or  resisfance  is  variable.  —  It  some- 
times happens  that  an  invariable  power  has  to  act  against  a  variable 
reMstaoce,  or  a  variable  power  against  a  constant  resistance.  In  such 
a  case,  the  effect  of  the  wheel  and  asle  as  just  described  would  vary : 
aa  augmentation  of  the  power  or  diminution  of  the  resistance  would 
throw  the  power  and  weight  out  of  equilibrium. 

If,  however,  the  axle  were  made  to  increase  in  thickness  in  the 
same  proportion  as  the  ratio  of  the  power  to  the  weight  is  augmented, 
then  the  change  of  snch  ratio  would  be  compensated  by  a  correspond- 
ing change  in  the  leverage,  and  an  equilibrium  would  be  maintained 
between  5ie  power  and  weight  notwithstanding  their  variation.  Nu- 
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nicrous  mstaiices  of  tliia  are  presented  in  tlie  arts,  some  of  ■wticli 
will  be  noticed  hereafter. 

452,  Method  of  augmenting  the  ratio  of  the  power  witlKyut  com- 
plicaling  Ihe  machine.  —  When  a  weight  or  resistance  of  compara- 
tively great  amount  is  to  be  raised  by  a  verj  small  power  by  means 
of  the  simple  wheel  and  asle,  either  of  two  inconvenieacea  would 
ensue ;  either  tlie  diameter  of  the  asle  would  become  too  small  to 
support  the  weight,  or  the  diameter  of  the  wheel  would  become  so 
great  as  to  be  unwieldy  in  its  operation.  This  has  been  remedied, 
without  having  recourse  to  a  complex  machiue,  by  a  simple  expedient 
represented  in  _fig.  108.  The  asle  of  the  windlass  here  consists  of 
two  parts,  one  l£ioker  than  the  other,  and  the  rope  by  wliich  the 
weight  is  raised  rolls  on  the  thicker  while  it 
,  rolls  off  the  thinner.  In  each  revolution,  there- 
}  part  which  is  rolled  on  exceeds  that 
which  is  rolled  off  by  the  difference  between  the 
1  circumferences  of  the  two  parts  of  the  asle. 
That  is,  the  part  of  the  rope,  by  which  the 
eight  is  suspended,  b  shortened  in  each  revo- 
lution by  this  difference.  But  the  height 
tirougU  which  the  weight  is  raised,  is  only  half 
the  shortening  of  the  rope.  The  effect,  accord- 
as  if  an  axle  had  been  used,  whose  diameter  is 
the  difference  between  the  diameters  of  the  thicker  and 
Hence,  Ike  power 


ingly,  is  the  same 
equal  to  half 
thinner  part. 
cnee  between 


to  the  weight  as  half  the  differ- 
diameters  of  the  axle  is  to  the  diameter  of  tlie 
wheel.  Since,  then,  without  diminishing  the  thickness  of  the  asle, 
we  may  diminish  without  limit  the  difference  between  the  thicker  and 
thinner  parts,  the  ratio  of  the  weight  to  the  power  may  be  augmented 
indefinitely  without  diminishing  the  strength  of  the  axle.  .  The 
apparatus  just  described  is  called  the  differential  wheel  and  axle. 

453,  Compound  leheels  and  axles  analogous  to  compound 
lever. — When  great  power  is  required,  wheels  and  axles  may  be 
combined  in  a  manner  analogous  to  the  compound  lever  already  ex- 
plained. The  power  being  supposed  t«  act  on  the  circumference  of 
the  first  wheel,  its  effect  is  transmitted  to  the  circumference  of  the 
first  axle ;  this  circumference  acts  on  the  circumference  of  the  second 
wheel,  and  transmits  motion  thereby  to  the  circumference  of  the 
second  asle,  which,  in  its  turn,  acts  on  the  circumference  of  tho 
second  wheel,  transmitting  motion  to  the  circumference  of  the  third 
axle,  and  so  on. 

There  is  nothing  different  in  the  mechanical  effect  of  such  a  com- 
bination from  that  of  a  system  of  compound  lovers,  except  that  it 
admits  more  conveniently  of  a  continuous  action,  and  produces  con- 
tinued and  regular  motion.  The  relation  between  tbe  power  and  the 
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weight  or  resistance,  wliou  iu  equilibrium,  is  determined  in  exactly 
the  same  manner  as  in  the  case  of  tlie  compound  lever. 

If  the  diameters  of  all  the  wheels  he  multipiied  together,  and  the 
diameters  of  all  the  axles  be  also  multiplied  together,  then  the  power 
will  he  to  the  weight  as  the  product  of  the  diameters  of  all  the  axles 
to  the  product  of  the  diametera  of  all  the  wheels.  Thus,  if  tlie  di- 
ameters of  all  the  asles  be  expressed  by  the  numbers  2,  3,  4,  and 
the  diameters  of  all  the  wheels  be  expressed  by  the  numbers  20,  25, 
and  30,  then  the  ratio  of  the  power  to  the  weight  will  be  as  2  X  S 
X  4  =  24  to  20  X  25  X  30  =  15,000 :  that  is,  as  1  to  625. 

454.  Various  nclhods  of  communicating  force  heiween  wheels  and 
axles.  —  The  manner  in  which  the  wheels  and  asles  act  one  upon 
another  is  very  various.  Sometimes  a  strap  or  cord  is  placed  in  a 
groove  in  the  oiroumferenee  of  the  axle,  and  carried  rouiid  a  similar 
groove  in  the  circumference  of  the  wheel.  This,  which  is  called  an 
endless  band,  is  represented  in  fgs,  109.  and  110. 


f^ 


Fig.  110. 


Fig.  109, 

455.  By  endless  hands  or  cords. — -In  the  ease  i 
fig.  109.  the  wheels  are  driven  in  the  same  direction ;  in  that  repre- 
sented iu  fg.  110.,  they  are  driven  in  opposite  directions.  ISxamples 
of  this  method  of  transmitting  the  motion  from  wheel  to  wheel  ai-e 
presented  in  every  department  of  the  arts  and  manufactures.  In  the 
turning-lathe  and  the  grinding-wheel  a  eal>-gut  cord  carried  round  the 
treadle-wheel  imparts  motion  to  the  maundrell  or  the  grindstone-  In 
the  great  factories  shafts  are  carried  along  the  ceilings  of  the  rooms, 
round  which,  at  certain  points,  endless  straps  are  carried  which  are 
conducted  round  the  wheels,  thus  giving  motion  to  the  lathes  or  other 
machines.  One  of  the  chief  advantages  of  this  method  of  trans- 
mitting motion  by  wheels  and  asles  is,  (bat  the  bands  by  ■wbicli  the 
motion  is  conveyed  may  be  placed  at  any  distance  from  each  other, 
and  even  in  any  position  with  respect  to  each  other,  and  may,  by  a 
slight  adjustment,  receive  motion  in  either  one  direction  or  the  other. 

456,  Borough  swfaces  m  contact. — When  the  circumference 
of  the  axle  acts  immediately  on  that  of  the  wheel,  which  it  moves 
without  the  intervention  of  a  strap  or  cord,  means  must  be  adopted 
to  prevent  them  from  moving  in  contact,  without  transmitting  motion, 
which  they  would  do  if  both  surfeices  were  perfectly  smooth  and  free 
from  friction. 
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This  is  accomplisheiJ  bj  different  expedients.  In  cases  wtere  groat 
power  is  not  required,  motion  is  communicated  tJirougli  a  series  of 
wheels  and  asles  hj  rendering  theii  sutfaoes  rough,  either  bj  facing 
tlicm  with  rough  leather,  or  making  them  of  wood  cut  across  the 
grain.  This  method  is  used  ia  spinning  machinery,  where  a  large 
buffed  wheel,  placed  in  a  horizontal  position,  is  surrounded  bya  series 
of  small  bufed  rollers  pressed  close  against  it,  each  roller  communi- 
cating motion  to  a  spindle.  As  the  wheel  revolves,  revolution  is  im- 
parted to  the  rollers,  the  velocity  of  which  exceeds  that  of  the  wheel 
ill  the  same  proportion  as  t!ie  diameter  of  the  wheel  exceeds  tliat  of 
the  roller. 

This  method  is  very  convenient  in  cases  where  the  motion  of  tlie 
rollers  requires  to  be  occasionally  suspended,  each  roller  being  pro- 
vided with  a  means  by  which  it  can  be  thrown  out  of  contact  with 
the  wheel,  and  thus  stopped. 

457.  By  teeth. — The  most  frequent  method  of  transmitting  motion 
through  a  train  of  wheel-work  is  oy  the  construction  of  teeth  Upon 
their  circumference,  so  that  the  teeth  f  a  h  f  lling  info  those  of  the 
other,  the  one  wheel  necessarily  push  s  f   waad  the  other. 

When  teeth  are  used,  the  asies  a  usually  call  d  pinions,  and  the 
teeth  raised  upon  them  are  called  las 

45S.  Formation  of  teeth.  —  Inth  t  mat  n  f  the  teeth  of  wheels 
and  pinions,  expedients  are  adoptel  t  j  e  nt  them  from  nibbing 
one  upon  another,  when  they  mo  n  nt  t  w  th  each  other.  A 
particular  form  is  adopted  for  the  teeth,  in  virtue  of  which  the  sw- 
faoes  are  applied  one  to  the  other  with  a  rolling  motion  like  that  of  a 
large  whed  upon  the  road.  By  this  expedient  the  rapid  wear  of  the 
teeth,  which  would  be  prodaoed  by  constant  friction  accompanied  by 
pressure,  is  prevented. 

459.  Methods  of  computing  the  condition  of  equilibrium  in  wheeU 
jBork. — In  computing  the  mechanical  effects  of  toothed  wheels  and 
pinions,  the  number  of  teeth  may  be  substituted  for  their  circum- 
fcronces  and  diameters. 

The  condition  of  equilibrium  will  therefore  be  obtained  by  multi- 
plying together  the  number  of  teeth  in  all  the  wheels,  and  the  Dum- 
ber ot  teeth  in  all  the  pinions,  the  power  being  to  the  weight,  when 
in  equilibrium,  as  the  latter  product  to  the  former. 

460.  Spur,  croiun,  and  bevelled  wheels.  —  Toothed  wheels  are  of 
three  kinds,  distinguished  by  the  portion  which  the  teeth  hear  with 
respect  to  the  axis  of  the  wheel.  When  they  are  raised  upon  the 
edge  of  the  wheel,  as  mfg.  Ill,,  they  are  called  spur-wheels,  or 
spur-gear.  When  they  are  raised  parallel  to  the  asis,  as  inji^.  112., 
they  are  called  crown  wheels.  When  the  teeth  are  raised  on  a  sur- 
ijiee  inclined  to  the  plane  of  the  wheel,  as  in_^g-.  113.,  they  are  called 
bevelled  wheels. 

If  a  motion  round  one  asis  is  to  be  communicated  to  another  axis 
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pir  illel  to  it,  spnr-gear  ia  generally  used :  tius,  iiajig.  111.,  tiie  three 
isca  ite  parallel  to  each  other.  If  a  motion  round  one  axis  k  to  he 
ccmmuaieated  to  another  at  right  angles  to  it,  a  crown-wheel  working 
in  a  spur  pinion,  as  in  fo.  112.,  will  serye  :  or  the  same  ohject  may 
he  atttuned  hy  two  hevelled  wheels,  as  in^.  113. 

If  a  motion  round  one  axis  ia  required  to  he  commnnioated  to  an- 
other inclined  to  it  at  any  proposed  angle,  two  hevelled  wheels  can 
always  he  used.  In_;^.  113.,  let  A  B  and  a  c  be  the  two  axles;  two 
bevelled  wheels,  snch  as  d  e  and  e  f,  on  these  aslea  will  transmit 
the  motion  or  rotatioa  from  one  to  tho  other,  iind  the  relative  velocity 
may,  as  usual,  he  regulated  hy  the  proportionate  magnitude  o£  the 
wheels. 


46      Jtop     no    p  f     y  f. 
though        fe      p      y       h  comb 


1  te     d  : 


pe 


h      ff   I 


duced  piup  d  m    ish    ^ 

imperf      flhhh  d  bhwhh  md 

in  th  I  p    w       perf  fl  si  d  w  f 

being  bent  over  a  sharp  edge,  and  of  moving  upon  it  without  fnotion, 
we  sliould  he  enabled  by  its  means  to  make  a  force  in  any  one  direc- 
tion overcome  a  resistance  or  communicate  a  motion  in  any  other 
direction. 

Thus,  if  a  perfectly  flexible  rope,  r  &,fig.  114.,  pass  over  a  sharp 

edge  p,  and  he  connected  with  a  weight  a  vertically,  a  foroe  acting 
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obliquely  in  the  direction  P  P  will  raise  the  weight 
vertically  in  the  direction  r  q;  but  as  no  matemls 
of  ishicQ  ropes  can  be  made  can  render  them  per- 
fectly fleable,  and  aa  in  proportdoa  to  the  strength 
by  which  they  are  enabled  to  tranamit  force  their 
rigidity  increaaea,  it  is  necessary  in  practice  to  adopt 
means  to  remedy  or  mitigate  thoso  effects  which 
attend  the  absence  of  perfect  flexibility,  and  which 
p:     jj,  would  otherwise  render  eords  practically  inappli- 

cable 33  machines. 
But,  besides  the  want  of  perfect  flexibility,  the  surface  of  the  rope 
is  always  rough,  and  often  considerably  so.     This  surface,  in  passing 
over  an  edge,  .would  produce  a  degree  of  friction  which  would  alto- 
gether stop  ita  moTement. 

If  a  rope  were  used  in  the  manner  represented  in  the  figure,  to 
transmit  a  force  in  one  direction  to  a  r^islance  in  another,  some  force 
would  be  necessary  to  bend  it  over  the  angle  r,  which  the  two  direc- 
tions form  one  with  the  other ;  and,  if  ftie  angle  were  sharp,  the 
effect  of  such  a  force  might  be  the  rupture  of  the  rope, 

462,  Hence  ihe  necessity  of  the  sheave  in  the  pulley. — But  if, 
instead  of  bending  the  rope  at  one  point  over  a  angle  acute  angle, 
the  change  of  diieotion  were  produced  by  sneoeaaively  deflecting  it 
over  several  angles,  each  of  which  would  be  less  sharp,  the  force  ne- 
cessary for  the  deflection  and  tie  liability  of  brealting  the  cord  would 
be  diminished.  But  such  object  will  be  atiO  more  effectually  attained 
if  the  cord  be  deflected  over  the  surface  of  a  curve. 

If  the  rope  were  applied  merely  U>  enstain  a  weight  without  mov- 
ing it,  a  curved  surface  would  therefore  be  sufficient  to  remove  the 
inconvenience  arising  from  imperfect  flexibility;  but  when  motion  is 
required,  the  rope  in  passing  over  such  a  surface  would  be  subject  to 
great  friction  and  rapid  wear.  This  inconvenience  k  removed  by 
causing  the  surface  on  which  the  rope  runs  to  move  with  it,  so  that 
no  more  friction,  is  produced  than  would  arise  from  the  curved  sur- 
face itself  rolling  upon  the  rope.  These  objects  are  attained  by  the 
common  pulley,  which  consists  of  a  wheel  called  a  sheave,  flsed  in  a 
block  turning  on  a  pivot.  A  groove  is  formed  in  the  edge  of  the 
wheel,  in  which  the  rope  runs,  the  wheel  revolving  with  it. 
This  apparatus  is  represented  iofig-  115. 
Notwithstanding,  however,  that  this  expedient 
removes  the  effecO  of  friction  and  rigidity  to  so  great 
a  degree  as  ffl  render  the  use  of  the  cord  practically 
available,  it  must  not  be  supposed  that  these  effects 
are  altogether  overcome ;  Ihey  still  produce  some 
impediments  to  the  full  efficiency  of  the  power, 
ss  will  be  explained  more  fully  hereafter.  Eor 
the  present,  however,  we  shall  consider  the  rope 
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4Q4.  Caseii 


3  rendered  by  tliis  expedient  perfectly  flexible  and  free  from,  frie- 

463.  Fixed  pulley  useful  to  cJtange  the  direction  of  the  power.  — 
"      ■     '     '  a  power  acting  in  anj  one  direction  may 

Is  to  a  resistance  in  any  other  direction, 
3  two  lines  of  direction  be  in  the 
same  plane,  and  not  parallel.     Thns,  let  A  B, 
\  fg.  116.,  be  the  directioa  ia  which  the  power 

A  acts,  and  let  c  D  be  the  direction  in  which  the 

\  weight  or  resistance  acta. 

\^  To  transmit  ia  this  ease  the  power  to  the 

\      weight,  let  the  two  directiona  B  A  and  D  0  be 
prolonged  until  they  meet,  which  they  will  do 
at  0.     In  the  angle  o,  formed  by  the  two  di- 
^     rections,  let  a  sheave  be  placed,  and  let  the 
power  he  connected  with  a  rope  in  the  direction 
B  A,     This  rope  being  carried  from  A  over  the 
sheave  at  o,  must  be  brought  down  in  the  di- 
rection 0  D,  and  connected  with  the  resi8ta,noe. 
n  !vhic?i  the  povter  and  resistance  are  parallel.  —  But 
if  the  direction  of  the  power  and  resistance  be 
parallel,  as  in^^.  117.,  then  the  effect  of  the 
power  might  be  transmitted  to  the  weight  by 
means   of  a  cord  and  two  fixed  pulleys,  one 
placed  over  the  direction  of  the  force,  and  the 
other  over  the  direction  of  the  weight,  as  repre- 
sented in  the  figure. 

465.    Case  in  which   they  are  in  different 
,   planes.  —  In  fine,  if  the  direction  of  the  power 
Fie  117  ^^^  '^^  weight  be  not  placed  in  the  same  plane, 

then  the  effect  of  the  power  may  still  be  trans- 
mitted to  the  weight  by  means  of  two  pulleys. 

Let  us  suppose,  for  esample,  that  a  power  acting  in  a  given  hori- 
zontal hne  is  required  to  be  transmitted  to  a  weight  acting  at  some 
distance  from  it,  in  a  certain  ■vertical  line,  which  is  not  in  the  same 
plane  with  the  direction  of  the  power. 

Let  two  fised  pulleys  be  placed  at  two  points  in  any  convenient 
positions  on  the  lines  of  direction  of  the  power  and  weight,  and  let  a 
line  be  supposed  to  join  these  points.  Let  the  axis  of  one  of  the 
pulleys  be  placed  at  right  angles  to  the  plane  formed  by  the  line  of 
direction  of  the  power  and  the  line  joining  the  two  pulleys,  and  let 
the  other  be  placed  with  the  asia  at  right  angles  to  the  plane  passing 
through  the  line  of  direction  of  the  weight  and  the  line  joinmg  the 
two  pulleys.  By  this  arrangement,  the  cord  being  passed  succes- 
sively over  both  pulleys,  the  effect  of  the  power  will  be  transmitted 
to  the  weight. 
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466.  Power  and  mcight  equal  when  a  single  rope  is  nsed  witli  Ji:ced 
pulleys.  —  In  all  the&e  cases,  the  pwna  cord  bj  whict  the  weight  is 
suspended  being  directly  connected  with  the  power,  and  ils  tension 
throughout  its  entire  length  being  the  same,  the  weight  and  the 
power  must  be  equal  when  they  are  in  equilibrium.  This  condition 
is  also  rendered  manifest  by  the  laot,  that  from  the  motion  of  the 
mcclianiam  connecting  it,  the  weight  aud  power  will  move  with  the 
game  velocity. 

It  appears,  therefore,  that  no  mechanical  advantage  h  gained  by  a 
single  rope  acting  over  one  or  more  fixed  pulleys;  nevertheless,  there 
is  scarcely  any  engine,  simple  or  comples,  which  is  attended  with 
more  convenience. 

467.  Mechanical  convenience  of  changing  the  direction  of  tJie 
power.  —  In  the  applications  of  power,  whether  of  man  or  animals, 
or  arising  from  other  natural  forces,  there  are  aJways  some  directions 
in  which  it  may  be  eserted  to  greater  convenience  and  advantage 
thau  othera,  and  in  many  cases  the  power  is  capable  of  acting  only  in 
one  particular  direotion.  Any  expedient,  therefore,  which  enables  it 
to  give  the  most  advantageous  direction  to  tbe  moving  power  what- 
ever be  the  direction  of  tbe  resistance  opposed  to  it,  contributes  as 
much  practical  convenience  as  one  which  enables  a  small  power  to 
balance  or  overcome  a  great  weight. 

463.  Fire  escapes.  —  By  means  of  the  fixed  pulley  a  man  may 
raise  himself  to  a  considerable  height,  or  descend  to  any  proposed 
depth.  If  he  be  placed  in  a  chair  or  a  basket  attached  to  one  end  of 
a  rope  which  is  carried  over  a  fixed  pulley,  by  laying  hold  of  this 
rope  on  the  other  ade,  be  may,  at  will,  descend  to  a  depth  equal  to 
half  of  the  entire  length  of  tbe  rope,  by  continually  yielding  rope 
on  the  one  side,  and  depressing  the  basket  or  chair  by  his  weight  on 
the  other.  Fire  escapes  have  been  constructed  on  this  prmciple,  tbe 
fixed  pulley  being  attached  to  some  part  of  the  building. 

'""     ""  ;  single  mmieahh  ]iulley.  —  A  single  moveable  pulley  is 
lafig.  118. ;  a  cord  is  carried  from  a  fixed  point  P,  and 
passing  through  a  block  B  attached  to  a  weight  W 
passes  over  a  fixed  pulley  0,  the  power  being  applied 
at  P.    We  shall  first  suppose  the  parts  of  the  cord  on 
each  side  tbe  wheel  B  to  be  parallel :  in  this  case  the 
whole  weight  w  being  sustained  by  the  parts  of  the 
cords  B  C  and  b  f  and  these  parts  being  equally  stretch- 
ed, each  must  snatain  half  die  weight,  which  is  there- 
fore the  tension  of  the  cord.     This  tension  is  resisted 
by  the  power  at  p,  which  must  lierefore  be  equal 
to  half  the  weight. 
In  this  machine,  therefore,  the  weight  is  twice  tbe  power. 
470.   Case  in  which  the  cords  are  not  parallel.  — If  the  parts  of 
the  cord  B  0  and  B  e  be  not  parallel,  as  ia^fig.  119.,  a  greater  power 
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)  the 
power  necessary  to  aupport  a  giyen  weight 
in  this  case,  take  the  line  b  a  ia  the  ver- 
tical direction,  consisting  of  as  many 
inches  as  the  weight  consista  of  ounces ; 
from  A  draw  A  D  parallel  ta  BO,  and  A  £ 
parallel  to  B  F :  the  force  of  the  weight 
represented  by  A  B  will  be  cqniTalent  to 
two  fnreea  represented  b j  B  D  and  b  e. 
The  naiiiher  of  inches  in  these  lines  respectively  will  represent  the 
number  of  ounces  which  are  equivaleni:  to  the  tensions  of  the  pai'ta 
B  F  aniJ  B  0  of  the  cord.  But  as  theao  tensions  are  equal,  b  d  and 
B  E  must  be  equal,  and  each  wiU  express  the  amount  of  the  power  p, 
which  Bfretches  the  cord  at  P  c. 

It  ia  evident  that  the  four  lines  A  b,  b  b,  b  d,  and  d  a  are  equal; 
and  as  each  of  them  represents  the  power,  the  weight  which  is  re- 
presented by  A  B  must  be  less  than  twice  the  power  which  is  repre- 
sented by  A  E  and  E  B  taken  together.  It  follows,  there- 
fore, that  as  the  parts  of  the  rope  which  support  the 
weight  depart  from  parallelism,  the  machine  becomes 
less  and  less  efficacious,  and  there  are  certain  o 
at  which  the  equilibrating  power  would  be  much  gi 
than  the  weight. 

471,  Moveable  block  with  several  sheaves.  —  If  se- 
veral sheaves  be  constraetedin  the  same  moveable  block, 
the  mechanical  advantage  may  be  proportionally  aug- 
mented, la  Jig.  120.,  a  system  ia  represented  in  which 
three  sheaves  are  inserted  in  the  moveable  block  bearing 
the  weight,  the  same  number  being  inserted  in  the  fixed 
block.  The  cord  is  carried  from  the  power  first  over  the 
fixed  sheave  A,  then  over  the  moveable  sheave  B,  then 
over  the  fised  sheave  C,  the  moveable  sheave  D,  the  fixed 
sheave  E,  and  the  moveable  sheave  f,  and  finally  attached 
to  the  block  at  a. 

e  the  cord  throughout  its  whole  length  is  stretched  with 
the  same  force,  and  since  it  is  evident  that  at  the  part  where  the  power 
is  applied,  this  force  of  tension  must  be  equal  to  the  power,  it  follows 
that  the  six  parts  of  the  cord  which  support  the  weight  will  each  be 
stretfihed  by  a  force  equal  to  the  power,  and  that  consequently  the 
weight,  when  in  equilibrium,  must  be  equal  to  six  times  the  power. 

This  condition  may  also  be  inferred  from  the  fact,  that  if  the  power 
move  the  cord,  its  velocity  will  be  sis  times  that  of  the  weight;  for 
if  six  feet  of  the  rope  be  drawn  over  the  fixed  pulley,  these  six  feet 
must  be  equally  distributed  between  the  six  parts  of  the  rope  which 
sust-ain  the  weight,  and  consequently  each  part  must  be  raised  through 
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one  foot,  w'nioli  is  therefore  tlie  lieight  tbrougli  wliicli  the  weight 
would  be  raised  for  every  ^s  feet  through  which  the  power  passes, 

472.    CoTidilion  of  equilibrium  of  such  a  ilock.  —  In  general  it 
may  therefore  he  inferred,  that,  in  a  pulley  which  o 


moveable  block  containing  one  or  more  si  ^ 

equilibrium,  will  he  just  aa  many  times  the  power  as  is  represented 
by  the  oumher  of  cords,  or  the  number  of  parts  of  the  cord,  which 
sustain  the  weight, 

473.  Effect  of  attaching  the  end  of  the  rope  to  the  moveable  block. 
—  In  the  form  of  moveable  block  repreaeuted  iajlg.  121.,  the  cord, 
after  passing  BUccessively  over  the  sheaves,  is  finally  attached  to  the 
lower  block.  This,  by  increasing  the  parts  of  the  cords  supporting 
the  lower  block  by  one,  augments  the  efficiency  of  the  instrument 
without  increasing  the  number  of  sheaves. 

474.  SmecUon's  and  White's  pulleys.  —  Two  of  the  moat  powerful 
forms  of  pulley,  consisting  of  a  single  moveable  block,  are  represented 
in  fgs.  122  and  123. 

The  combination  represented  in jSg.  122.  is  called  Smeaton's  pulley, 
having  been  invented  by  that  celebrated  engineer.  The  fised  and 
moveable  block  contain  each,  tea  sheaves,  and  the  order  in  which  the 
rope  is  carried  over  them  is  represented  in  the  figure  by  the  numbers 
1,  2,  3,  4,  i,c  The  total  number  of  parts  of  the  cord  supporting  the 
h  wei  bbck  IS  in  this  case  twenty,  and  consequently  the  power  is  to 
the  weight  •«  1  to  20 


Fig.  121.  Fig.  133.  Fig.  123. 

The  form  of  pulley  represented  in  fg.  123.  is  called  White's 
pulley. 

475.  Si/stems  of  pulleys  consisting  of  several  ropes  and  moveable 
blocks. — If  instead  of  one  moveable  block  and  a  single  rope,  two  or 
more  moveable  blocks  with  independent  ropes  be  us^,  the  power  of 
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the  pulley  may  be  augmented  oa  the  same  principle  as 
compound  levers  or  compound  wkeel-worli. 

Different  comljinalioiia  of  tliis  kind  are  representci 
125.  126.  and  127. 


Fig.  134.  Fig.  135.  Fig.  136.  Fig.  127. 

The  figures  wliich  are  annexed  to  the  ropes  in  each  c 
the  power  they  respectively  esert. 

The  first  rope  in^.  124.  is  atretohed  by  the  force  of  the  power 
only.  The  first  moveable  block  being  supported  by  two  parts  of  this 
first  rope  will  exert  a  force  eqnal  to  double  the  power  oa  the  second 
rope ;  and  the  second  moveable  block  being  supported  by  two  parts 
of  this  rope  will  exert  a  force  upon  the  third  rope  equal  to  four  ti 


the  power ;  and  i 
exert  a  force  ' 
power. 

In  such  a  syi 
mechanical  effe 

But  without 


way  it  follows  that  the  third  block  will 
supporting  the  weight  equal  to  eight  times  the 


1,  the  additioa  of  each  moveable  block  doubles  the 


[gmenting  the  number  of  moveable  blocks,  but  only 
adding  fixed  blocks,  the  effects  may  be  augmented  in  a  three-fold  in- 
stead of  a  two-fold  proportion,  as  represented  inj^.  125.,  where  each 
successive  moveable  block  is  supported  by  three  parts  of  the  same 
cord. 

In^.  126.  the  ends  of  the  cords,  instead  of  being  attached  to 
fixed  points,  are  attached  to  the  weight. 

In  this  case,  the  weight  is  supported  by  each  of  the  several  cords, 
these  cords  being  stretdied  by  different  forces.  The  first  is  stretched 
with  a  force  equal  to  the  power,  the  second  with  a  force  equal  to 
double  the  power,  and  the  third  with  a  force  equal  to  four  times  the 
power,  and  so  on.  In  such  a  system,  the  mechanical  effect  for  the 
same  number  of  blocks  is  greater  than  in  that  represented  in_^.  124., 
where  three  blocks  only  support  a  weight  four  times  the  power; 
whereas  in  the  system  represented  in^g-.  126,  three  blocks  support 
seven  times  tho  power. 
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TKc  effects  of  ttis  sj-stem  may  l)e  still  fitrtler  increased  by  attacb- 
iiig  blocks  to  the  weight,  as  represented  rajig.  127.,  and  oaiTying  the 
ropes  to  the  pullejs  above. 

The  effect  prodaeed  is  indicated  by  tte  numbers  fixed  to  the  cords. 

476.  TIte  practical  effect  of  pulleys  varies  considerably  from  their 
theoretical  effect.  —  l?rom  its  portable  form,  cheapness  of  construc- 
tion, and  tiio  facility  with  whioh  it  may  be  applied  in  almost  every 
situation,  the  pulley  ia  one  of  the  most  useful  of  the  simple  machines. 
The  mechanical  advantage,  however,  which  it  appears  ia  theory  to 
possess,  is  considerably  diminished  in  practice,  owing  to  the  stiifnesa 
of  the  cordage  and  the  friction  of  the  wheels  and  blocks.  By  these 
means  it  ia  computed  that  in  most  cases  so  great  a  proportion  as  two 
tbirds  of  the  power  is  ]oat.  The  pulley  is  much  used  in  building 
when  weights  are  to  be  elevated  to  great  heights;  but  its  most  exten- 
sive application  ia  found  in  the  rigging  of  ships,  where  almost  every 
motion  is  accomplished  by  its  means. 

In  all  these  esamplea  of  pulleys,  we  have  supposed  the  parts  of 
the  rope  sustaining  the  weight,  and  each  of  the  moveable  pulleys,  to 
be  parallel  to  each  other.  If  they  be  subject  to  oondderable  ob- 
liquity, the  relative  tensions  of  the  different  ropes  must  be  estimated 
according  to  the  principle  applied  in  470, 


INCT.INED  PLANE  —  W 


i   AND   SCREW. 


,t/«., 


a  wcigH. — A  hajTj  surface 
direction  at  right  angles  to 
it,  would  support  it,  and  the  whole 
amount  of  such  weight  or  resistance 
would  in  this  ease  press  upon  the  sar- 
face.  But  if,  instead  of  being  at 
light  angles  to  it,  it  were  placed  in  aa 
oblique  direction,  then  the  weight  or 
resistance  would  be  resolved  by  the 
parallelogram  of  forces  into  two,  one 
of  which  would  act  perpendicularly 
to  the  plane  and  produce  pressure 
upon  it,  and  the  other  would  be  paral- 
lel to  the  plane,  and  be  free  to  produce 
motion. 

Let  xn,  fig.  128,  be  such  a  sur- 
face, and  let  w  be  a  body  producing 
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somo  reaistn,iioe,  or  tavmg  a  tendency  to  move  in  tbe  directiOQ  b'  a! 
oblique  to  B  A.  Let  the  wliole  force  witli  whicli  w  would  move  if 
not  supported  by  the  plane  be  expressed  by  b' a'.  Then,  taking  b'a' 
as  the  diagonal  of  a  parellologram  one  of  whose  sides  is  e'o'  at 
right  angles  to  B  A,  and  the  other  b'  d  in  the  direction  of  the  plane, 
the  foree  »'  a'  will  be  equivalent  to  two  forces,  one  represented  by  e' 
C',  and  the  other  by  b'  d.  The  former  being  perpendicular  to  the 
plane  will  bo  resisted  by  its  reaction,  and  the  other  only  will  take 
effect.  To  support  the  weight,  therefore,  in  this  ease,  would  require 
a  force  acting  parallel  to  the  plane,  and  opposite  to  the  force  repre- 
sented by  w  D. 

If  we  take  on  the  plane  the  length  b  a  equal  to  b'  a',  and  draw  A 
0  parallel  to  b'  a',  and  B  C  perpendicular  to  it,  then  the  triangle  ABO 
will  be  iu  all  respects  equal  and  similar  to  a'  b'  o'  ;  in  fact,  it  may  be 
considered  as  the  same  triangle,  but  in  a  different  position. 

Since,  therefore,  A' b',  b' c',  and  A'o',  represent  respectively  the 
whole  force  of  the  body  w,  ite  pressure  on  the  plane,  and  its  tendency 
to  move  in  the  direction  of  the  plnne,  these  three  forces  will  be 
csaetly  represented  in  their  effects  by  the  lines  ab,  b  c,  and  ac. 

478.  The  inclined  plane — condition  of  equilibrium. — We  have 
here  taken  the  general  case,  and  supposed  the  body  w  to  exercise  a 
foree  in  any  direction  whatever;  but  if  we  apply  the  principle  to  the 
ease  of  a  lieavy  body  resting  upon  a  plane  inclined  to  the  vei-tioal 
direction,  then  the  machine  becomes  what  is  commonly  called  the  in- 
clined plane. 

A  B  is  called  the  length  of  the  plane,  A  C  its  height,  and  E  C  its 
base- 

From  what  has  been  just  proved,  then,  it  follows,  that  if  a  weight 
be  placed  upon  an  inclined  plane,  the  weight  consisting  of  as  many 
pounds  as  there  are  inches  in  the  length  of  the  plane,  the  pressure  on 
the  plane  will  consist  of  as  many  pounds  as  there  are  inches  in  the 
base,  and  the  tendency  to  move  down  the  plane  will  be  balanced  by 
as  many  pounds  as  there  are  inches  in  the  height. 

479.  Apparatus  to  illustrate  experimentally  the  inclined  plane. — 
The  apparatus  represented  in  Jig:  129  is  intended  to  repesent  this 

experiment  ally.     The  weight  placed  upon 
the  plane  is  a  roller  so  formed  as  to  move 
freely  upon  it.    ^  string  is  attached  to  it, 
which  being  carried  pamlel  to  the  plane 
is  conducted  over  a  fixed  pulley,  and  sup- 
^_     ports  a  dish  bearing  a  weight.     On  com- 
paring this  weight,  including  the  weight 
i^jg.  139.  g^  jljg  ijjg]^^  ^j(^  j^ljg  n'eight  of  the  roller 
!  plane,  and  by  varying  the  angle  of  elevation  of  the  plane, 
that  in  every  case  the  weight  necessary  to  produce  equili- 
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brium  will  be  expressed  by  the  heigbt  of  the  plane,  ttc  entire  weight 
of  the  roller  being  expressed  by  its  length. 

It  is  evident  from  what  has  been  just  explained  that  the  less  the 
elevatioa  of  the  plane  is,  the  5^3  will  be  the  power  re<|uisite  to  sns- 
taia  a  ^ven  weight  upon  it,  and  the  greater  mill  be  the  pressure  upon 
it ;  for  the  )e^  the  elevation  of  the  plane  is,  the  less  will  he  ita  height 
and  the  gie.  te   w'U  b    't.  I 

480.  I    Jntd       rf— Rlwhh  til  b    consi- 

dered a        Id  pi  dldal  jthm  ges,  re- 

garded        f  to  th   p  w      wh   h  tnp  1  th  m  ar       hi    t  to  all 

the  cond  ti       wl    h  h       1  t  U  h  1  f         1     d  pi 

The  1  ti  f  th  d  tim  ted  by  th  h  ght  espond- 
ing  to      m    J     pos  d  1    gth     thus  w    say  ad  nse  foot  in 

twenty-fi  ft        th  ty     m  th  t  if  tw    ty  five  or 

thirty  f   t    f  th         db    tk      ■sth    1    gth    f  1     d  plane, 

the  eot     p    dm    h  gl  t    f       h  pi        w    Id  b  foot    and  if 

twenty-fi  thtyftlm  tp      th         dthd  iferenee 

of  the  1  1  f  th  tw  trot  will  be  ft  Acco  ding  to 
this  meth  iftmtgth  It  f  dthpw  requir- 
ed to  st  llpoth  ft  part  IS  Iw  y  J.  portional 
to  tbia  t  f  1  t  It  d  foot  ty,  thea  a 
power  of  one  ton  will  be  sufficient  to  sustain  twenty  tons;  and  so  on. 

481.  Inclined  planes  on  railways,  —  When  a  power  is  employed 
in  moving  a  load  upon  a  road  thus  inclined,  the  action  of  the  power 
may  also  be  i-egarded  in  another  point  of  view. 

Let  us  suppose  a  railway  train  weighing  200  tons  moving  up  an 
inclined  plane,  which  rises  at  the  rate  of  one  in  two  hundred;  what 
moohaniMil  effect  does  the  moving  power  produce  in  moving  up  200 
feet  of  such  a  plane  ? 

First,  it  acta  against  the  friction,  the  atmospheric  and  other  resist- 
ances to  which  it  would  be  exposed  if  the  plane  had  been  level. 

Secondly,  it  is  employed  in  raising  the  entire  weight  of  the  train 
through  the  elevation  which  correspont^  to  200  feet  in  length,  that 
is,  through  one  perpendicular  foot. 

The  mechanical  effect,  therefore,  is  precisely  the  same  as  if  the 
load  of  200  tons  had  been  first  moved  along  a  level  plane  200  feet 
long,  and  then  elevated  up  a  step  one  foot  high;  but  instead  of  being 
called  upon  to  make  this  great  exertion  of  raising  two  hundred  tons 
directly  through  one  perpendicular  foot,  the  moving  power  is  enabled 
gi-aduidly  to  accomplish  the  same  object  by  a  longer  eontinnanee  of  a 
more  feeble  exertion  of  force,  such  exertion  being  spread  over  200 
feet  instead  of  being  condensed  into  a  single  foot, 

482.  Case  in  inhich  the  power  acU  in  a  direction  inclined  to  the 
plane.  —  In  alt  that  precedes,  we  have  assumed  that  the  power  acts 
parallel  to  the  plane;  in  some  cases,  however,  it  acta  obliquely  to  it. 

Let  w  F,fig-  130.,  be  the  direction  of  the  power.     Taking  that  as 
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^ of  a  parallelogram,  it  will  te  equivalent  to  w  d  andw 

tte  former  perpendicular,  aad  the  latter  parallel  to  the  plane. 


Fig.  130. 

■WD  will  have  the  effect  of  diminishing  the  pressure  on  the  plane, 
and  AV  E  will  be  efficient  in  drawing  the  weight  up  the  plane. 

In  some  cases,  the  direction  of  the  power  is  helow  the  plane,  as  in 
fig.  131.  In  this  case,  as  before,  the  power  WP  is  resolved  into  two 
forces,  WE  parallel  to  the  plane,  and  wcperpendicular  toil. 

The  latter  augments  the  pressure  of  the  weight  oa  the  plane,  and 
the  former  is  efficient  in  drawing  it  up  the  plane. 

433.  Case  of  double  inelimd  plane. — It  sometimes  happens  that 
a  weight  upon  one  inclined  plane  is  raised  or  supported  by  another 
weight  upon  another  inclined  plane.  Thus,  if  Asatsd  AB',J%.  132., 
A.  be  two  inclined  plaaes,  forming  an  angle 

at  A,  and  w  w'  he  two  weights  placed 
upon  these  planes,  and  connected  hy  a 
^  cord  passing  over  a  pulley  at  A,  the  one 
weight  will  either  sustain  the  other,  or 
one  will  descend,  drawing  the  other  up. 
Fig.  332,  To  determine   the  circumstances  under 

which  these  effects  will  ensue,  draw  the  lines  w  D  and  w'  d'  in  the 
vertical  direction,  and  take  upon  them  as  many  inches  as  there  are 
ounces  in  the  weights  respectively.  W  D  and  w'  »'  being  the  lengths 
thus  taken,  and  therefore  representing  the  weights,  the  Imes  W  E  and 
W'  e'  will  represent  the  effects  of  these  weights  respectively  down  the 
planes.  If  W  E  and  w'  e'  be  equal,  the  weights  will  sustain  each 
other  without  motion ;  but  if  w  E  be  greater  than  TV'  b',  the  weight 
W  will  descend,  drawing  the  weight  w'  up ;  and  if  w'  E'  he  greater 
than  w  E,  the  weight  w  will  descend,  drawing  the  weight  w  np.  In 
every  case  w  r  and  w'  e'  will  represent  the  pressures  upon  the  planes 


Case  of  self-acting -planes  onrailtciays.  —  It  is  not  neces- 
sary, for  the  effect  just  described,  that  the  inclined  planes  should,  as 
represented  in  the  figure,  form  an  angle  with  each  other.  They  may 
he  parallel,  or  in  any  other  position,  the  rope  being  carried  over  a 
sufficient  number  of  wheels,  placed  so  as  to  give  it  the  necessary  de- 
flection. This  method  of  moving  loads  is  frequently  applied  in  great 
public  works  where  railroads  are  used.     Loaded  waggons  desoena  one 


216 


THEORY  OF  MACHINERY. 


inclined  piano,  while  other  waggons  either  empty  or  loaded,  so  as  to 
parmit  the  descent  of  those  with  which  they  are  connected,  arc  drawn 
up  the  other. 

485.  The  wedge. — When  the  weight  is  not  moved  upon  the  plane, 
hut  is  stationary,  tie  plane  being  itself  mOTcd  under  the  weight,  the 
machine  is  called  a  wedge. 

Let  D  J^jjig-  133.,  be  a  heavy  beam,  secured  in  a  vertical  position 
between  guides,  F  G  and  h  i,  so  that  it  is  fee  to  move  upwards  and 
downwards,  hut  not  laterally.     Let  A  B  c  be  an  inclined  plane,  the 


Fig.  133.  Fig,  131. 

ostreraity  of  which  is  placed  beneath  the  cud  of  tho  beam.  A  force 
applied  to  the  back  of  this  plane  a  o,  in  the  direction  C  E,  will  urge 
the  plane  under  the  beam  so  aS  to  raise  the  beam  to  the  position  re- 
presented in  jig.  134.  Thus,  while  the  inclined  plane  is  moved 
through  the  distance  c  B,  the  beam  is  raised  through  the  height  c  a. 
It  follows,  therefore,  that  in  the  case  of  tbe  wedge  the  velocity  of 
the  resistance  is  to  tlie  velocity  of  the  weight  as  the  base 
of  the  inclined  plane,  which  forms  the  wedge,  is  to  its 
height. 

486.  Wedges  consist  of  two  inclined  planes. — 
ll'i  VU  ^^g^^i  however,  are  moie  generilly  formed  of  two  in- 
clined planes,  connected  base  ta  base,  as  represented  in 
fig.  135.  In  this  case,  the  back  of  tho  wedge  is  the 
sum  of  the  heights  if  the  two  inclined  planes,  and  the 
length  of  the.  wedge  is  their  common  base. 

The  force,  therefore,  which  drives  the  wedge  is  to  tho 
Fis  135      resistance  with  which  it  equilibrates,  as  half  the  back  of 

the  wedge  is  to  its  length. 
It  follows  fi-om  this,  that  wedges  become  more  powerful  as  they 
become  sharper. 

487.  Theory  of  tl>e  wedge  practically  inapplicable.-— Tins  theory 
of  tho  wedge,  however,  is  not  applicable  in  practice  with  any  degree 
of  accuracy.  This  is  owing  chiefly  to  the  enormous  disproportion 
which  friction  in  these  machines  bears  to  the  power;  but  independ- 
ently of  tbis  there  is  another  difficulty  in  tlie  theory  of  this  ma^ino. 
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488.  Power  applied  to  wedge  usually  percussion. — The  power 
commonly  Uised  in  tLe  case  of  a  wedge  is  not  pressure,  bub  perous- 
aion.  The  force  of  a  blow  is  of  a  nature  so  different  from  continued 
force,  such  as  the  preaaure  of  weights,  that  it  admits  of  no  numerical 
comparison  with  the  reastauce  offered  hy  eoheaoQ,  to  OTeroonie  which 
it  is  geuei-ally  applied.  We  cannot  properly  stale  the  proportion 
which  a  blow  beai-s  to  a  weight.  The  wedge  is  almost  iavariably 
urged  by  percussion,  while  the  resistances  which  it  has  to  overcome 
are  as  constantly  forees  of  another  kind. 

Although,  however,  no  exact  numencal  computation  can  be  made, 
yet  it  may  tie  stated  in  general  that  the  wedge  is  more  and  more 
powerful  as  the  angle  is  more  acute, 

489.  Practical  me  of  the  wedge.  — The  cases  in  which  wedges 
are  most  generally  used  in  the  arts  and  mannfactures,  are  those  in 
which  an  intense  force  is  required  to  be  esertcd  through  a  very  small 
space.  This  instrument  is  therefore  used  for  splitting  masses  of  tim- 
ber or  stone ;  for  raising  vessels  in  docks,  when  they  are  about  to  be 
launched,  by  being  driven  under  their  keels;  in  presses  where  the  juice 
of  seeds,  frnifcs,  or  other  substances  is  required  to  be  exfracfed,  as, 
for  esample,  in  the  oil-mill,  in  which  the  seeds  from  which  the  oil  is 
extracted  are  introduced  into  bar  ba^,  which  being  placed  between 
planes  of  hard  wood  are  pressed  by  wedges.  The  pressure  eserted 
by  the  wedges  is  so  intense  that  the  dry  seeds  are  converted  into  solid 
masses  as  hard  and  compact  as  the  most  dense  woods.  Wedges  have 
been  used  occasionally  to  restore  to  the  perpendicular  edifices  which 
have  been  inclined  owing  to  the  sinking  of  their  foundations. 

490.  Practical  examples — cutting  and  piercing  instruments,  Sfc. 
—  All  cutting  and  piercing  instruments,  such  as  knives,  razors,  shears, 
scissors,  chisels,  nails,  pins,  needles,  &c.,  are  wedges.  The  angle  of 
the  wedge  in  all  these  cases  is  more  or  lass  acute,  according  bo  the 
purpose  to  which  it  is  applied.  Chisels  intended  to  cut  wood  have 
their  edge  at  an  angle  of  about  30° ;  for  cutting  iron  from  60°  to  60°, 
and  for  brass  about  80°  to  90°.  In  general,  tools  which  are,  urged 
by  prcasure  admit  of  being  sharper  than  those  which  are  drivea  by 
percussion.  The  softer  and  more  yielding  the  substance  fn  be  divided 
is,  the  more  aente  the  wedge  may  be  constructed. 

491.  JJtiUly  of  friction  in  the  application  of  the  leedge. — In 
many  oases  the  efficiency  of  the  wedge  depends  on  that  which  is  en- 
tirely omitted  in  its  theory,  viz.,  the  friction  which  arises  between  its 
surface  and  the  substance  which  it  divides.  This  is  the  ease  when 
pins,  bolls,  or  nails  ai-e  used  for  binding  the  parts  of  struotui-es  to- 
gether, in  which  case,  were  it  not  for  the  friction,  they  would  recoil 
from  their  places  and  fail  fo  produce  the  deared  effect.  Even  when 
the  wedge  is  used  as  a  meohanical  engine  the  presence  of  friction  is 
absolutely  indispensable  to  ils  practical  utility. 
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Tte  power,  aa  lias  already  been  stated,  generally  aata  lij  succea- 
sive  blovfs,  and  ia  therefore  subject  to  constant  intermission,  and  but 
for  the  friction  the  wedge  would  recoil  between  the  intervals  of  the 
blows  with  as  much  force  as  it  had  been  driven  forward.  Thus  the 
object  of  the  labour  would  be  eontinnally  iruatrated.  The  friction  in 
thia  case  is  of  the  same  use  aa  a  ratchet-wheel,  but  la  much  more 
necessary,  aa  the  power  applied  to  the  wedge  ia  much  more  liable 
to  intermisaion  than  in  the  cases  where  ratchet-wheels  are  gene- 
rally used. 

492.  The  screte.  —  Ia  ascending  a  steep  hill  it  has  been  the  prac- 
tice of  road  engineers,  instead  of  making  an  incliaod  plane  directly 
from  iks  base  to  the  summit,  to  carry  the  road  round  the  hill,  gradu- 
ally rising  as  it  proceeds.  If  we  desire  to  ascend  with  ease  to  tho 
top  of  a  high  column,  we  could  do  so  if  a  path  or  ledge  were  formed 
on  tho  outer  surface,  gradually  winding  round  and  round  the  column 
from  tlie  bottom  to  the  top.  Such  a  path  would  be,  iu  fact,  an  in- 
clined plane  carried  round  the  column.  But  it  will  be  evident  that 
such  an  arrangement  would  constitute  a  strew.  This  will  be  ren- 
dered still  more  appai-ent  by  the  following  ccnLi^aace. 


Fig.  136.  Fig.  137. 

Let  A  B,  fig.  136.,  be  a  cylindi'ical  foller,  and  let  q  d  e  be  an  in- 
clined plane  cut  in  paper,  the  height  of  which  0  D  is  equal  to  the 
length  of  the  roller. 

Let  the  edge  c  D  be  pasted  on  the  roller,  and  then  let  the  roller 
be  turned  so  that  the  paper  shall  ba  wrapped  round  it.  When  it 
makes  one  revolution  of  the  roller,  the  portion  of  the  edge  c  G  will 
liavo  made  one  spiral  coil;  the  next  revolution  will  make  an  equal| 
spiral  ooU,  and  so  on  until  all  the  paper  haa  been  rolled  upon  tho 
roller,  when  the  edge  of  the  paper  so  coiled  mill  show  a  regulaj;  spi- 
ral line  I'ound  the  roller,  aa  represented  vajig.  137. 

Tahing  0  h  Q,  fig.  136.,  as  the  inclined  plane  thus  rolled  round 
the  roller,  it  is  evident  that  o  H  is  its  height,  and  h  G  its  base.  But 
c  n  is  the  distance  between  two  successive  eoik  of  the  spiral,  and  h  a 
is  the  circumference  of  the  roller.  The  coils  of  the  spiral  are  called 
the  threads  of  the  aorew,  and  the  distonoe  0  h  between  the  successive 
coils  ia  called  tho  distance  between  the  threads. 

493,  Power  apjilied  to  screw  hy  means  of  a  lever.  — In  the  ap- 
plication of  the  screw,  the  weight  or  reaistanee  is  not,  aa  in  the 
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iacliued  plane  and  weJge,  placed  upou  tlio  surface  of 
the  plane  or  thread.  The  power  is  iisually  ttaasmitted 
hj  causing  the  screw  to  moTe  in  a  concave  cylinder,  oa 
the  interior  aurfeice  of  which  a  spiral  cavity  ia  oat,  cor- 
responding exactly  to  the  thread  of  the  screw,  and  ia 
which  the  thread  will  move  by  turuiBg  round  the  screw 
continually  in  the  same  directdon.  This  hollow  cylin- 
der is  usually  called  the  nut  or  concave  screw.  The 
screw  surrounded  by  its  spiral  thread  ia  represented 

494.  Methods  of  transmitting  the  power  to  the  resistance. — There 
arc  several  ways  in  which  the  power  is  transmitt«d  to  the  resistance 
by  means  of  a  screw ;  but  by  whatever  means  it  may  be  so  trans- 
mitted, it  is  evident  that  the  screw  will  move  the  resistance  in  a  angle 
revolution  throngh  a  apace  equal  to  the  diatance  between  two  con- 
tiguous threads.  The  comparative  velocities,  therefore,  of  the  power 
and  weight  will  always  be  found  in  this  class  of  simple  machinea  by 
comparing  the  space  described  by  the  power,  in  imparling  one  revolu- 
,tion  to  the  screw  with  the  distance  between  two  contiguous  threads. 

495.  Condition  of  equilibrium.  — The  moat  common  manner  of 
urging  the  screw  ia  oy  a  lever  attached  to  ita  head,  as  represented  in 

f.  139.  at  E  r.    Supposing  the  power  to  be  applied  at  F,  it  will  in 
producing  one  revolution  of  the  screw, 
and  therefore  in  moving  the.reaist- 
th      gh        p  ce      1  dJ  to  th 
d  t  1  tw    n    tw  nt  g 

tl      d     raai.  mpl  t  1 

t        n  1    whos       d      IS  til 

1      th    f  th    1  wh  h    t     t 

if         f  th    t  w 

1     tv    f  th    w  ght 
f  t   th      nl 

L    p  w  t    th    d 

w  t  gu  th  ads 
[Mil  b  mbtwnthpw  1 
[gilt  will  be  this,  that  the  power  ia  to  the  weight  as  tho  distance 
between  the  contiguous  threads  ia  to  the  eircumferenco  described  by 
the  power. 

496.  Great  mechamcal  force  of  screw  explained.  —  The  great 
mechanical  force  exerted  by  the  screw  will  hence  be  easily  understood. 
There  is  no  limit  to  the  smallness  of  the  distance  between  the  threads, 
except  the  atrength.  which  ia  neeessary  to  be  given  to  them,  and  there 
is  no  limit  to  the  magnitude  of  the  circumference  to  be  described  by 
the  power,  esoept  the  necessary  facility  of  moving  in  it,  We  can, 
therefore,  conceive  the  power  acting  by  a  lever,  and  therefore  moving 
Un'ough  a  great  circumference  while  the  screw  moves  through  a.  com- 
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paralively  miaute  space ;  and  consequently,  in  such  ease,  the  power 
trill  be  so  much,  less  thaa  the  resistance,  as  the  distance  between  the 
tireads  is  le^  than  the  circumference  described  by  the  power. 

497.  Various  methods  of  connecting  the  screw  and  nut.  —  The 
manner  of  acting  upon  the  resistance  by  means  of  the  screw  is  very 
various.  Sometames  the  nut  is  fised  and  the  screw  moTeable ;  some- 
times  the  screw  is  flsed  and  the  nut  moveable ;  somelijiies  the  nut, 
though  incapable  of  revolving,  can  be  moved  progre^ively ;  and 
sometimes  the  sci'ew  is  incapable  of  revolving,  but  is  moved  progi-es- 
aiveiy.  These  conditions  admit  of  various  comhinationsj  which  are 
severally  adopted  in  practice. 

Xti-Jig.  139.,  the  nut  a  b  being  snppoaed  to  be  fixed,  if  the  lever  ^ 
be  turned,  the  end  d  of  the  screw  will  descend  or  ascend,  according 
to  the  direction  in  which  e  r  is  turned,  and  will  act  upon  the  resist- 
ance accordingly. 

If  the  screw  be  fixed,  the  nut  may  be  moved  upon  it,  either  by 
turning  the  nut  or  the  screw.  In  either  case  the  nut  will  ascend  or 
descend,  according  to  the  direction  of  the  motion.  In  each  revolu- 
tion it  will  move  through  a  space  equal  fo  the  distance  between  two 
contiguous  threads. 

If  we  suppose  thenut  AB,_j£^.  139.,  to  be  mcapaUe  of  ascending 
or  desaending,  but  to  be  capable  of  revolving,  then,  by  turning  it 
round  the  screw  which  plays  in  it,  the  screw  will  ascend  or  descend 
through  a  space  equal  to  the  distance  between  two  contiguous  threads 
for  every  revolution  made  by  the  nut. 

On  the  other  hand,  the  apparatus  may  be  so  arranged  that  the 
screw,  though  capable  of  revolving,  in  incapable  of  a  progressive  mo- 
tion, and  the  nut,  though  capable  of  a  progressive  motion,  is  incapa- 
ble of  revolving.  In  this  ease,  when  tiie  screw  is  made  to  revolve, 
the  nut  in  which  it  plays  will  be  moved  upwards  or  downwards, 
through  a  space  equal  to  the  distance  between  two  threads,  by  the 
revolution  of  the  screw. 

The  screw  is  generally  used  in  cases  where  severe  pressure  is  to 
be  esercised  through  small  spaces ;  it  is,  therefore,  the  agent  in  most 
presses. 

In  jig.  140.,  the  nut  is  fixed,  and  by  turning  the  lever  which 
passes  mrough  the  head  of  the  screw  a  pressure  is  exercised  upon 
any  substance  placed  upon  the  plato  immediately  under  the  end  of 
the  screw.  In  Jig.  141.,  the  screw  is  incapable  of  revolving  but  is 
capable  of  advancing  in  the  direction  ot  ts  length  On  the  other 
hand,  the  nut  is  capable  of  revolving,  b  t  does  not  ilvance  n  the 
direction  of  the  screw.  When  the  nut  s  turned  1  y  u  ns  of  he 
lever  inserted  in  it,  the  screw  advances  in  the  d  t  on  f  ts  I  n^^th 
and  urges  the  board  which  is  attached  totd  nv  1  oatopes 
any  substance  placed  between  it  and  the  fixed  boai  I  belo  v 
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49  8.  Various  examples  of  tie  applicalion  of  ike  screw.  —  In  cases 
where  liquids  or  juices  are  to  'be  expressed  from  solid  bodies,  tie 
screw  is  the  agent  generally  employed.  It  is  also  used  in  coining, 
where  the  impreaaion  of  a  die  is  to  be  made  upon  a  piece  of  metal, 
and  in  the  same  way  in  producing  the  impression  of  a  seal  upon  wax' 
or  other  substance  adapted  to  receivo  it.  When  soft  and  light  ma- 
terials, sucli  as  cotton,  are  to  be  reduced  to  a  conyenieut  bulk  for 
transportation,  the  screw  is  used  to  compress  them,  and  they  are  thus 
reduced  into  hard  dense  masses.  In  printing,  the  paper  is  sometimes 
urged  by  a  severe  and  sudden  pressure  upon  the  types  by  means  of 

499.  Manner  of  cutting  a  screw.  —  A  screw  may  be  cut  upon  a 
cylinder  by  placing  the  cylinder  in  a  turning-lathe,  and  giving  it  a 
rotary  motion  upon  its  axis.  The  cutting  point  is  then  presented  to 
the  cylinder  and  moved  in  the  direction  of  its  length  at  sucL.  a  rate 
as  to  be  carried  through  the  distance  between  the  intended  threads 
while  the  cylinder  revolves  once.  The  relative  motions  of  the  cutting 
point  and  the  cylinder  being  preserved  with  perfect  uniformity,  the 
thread  will  be  out  from  one  end  to  the  other.  The  shape'  of  the 
threads  may  be  either  square,  as  in  fe.  138.,  or  triangular,  as  \a.fig, 
140. 

&01>  Method  of  augmenting  the  force  of  the  screw.  —  If  the  lever 
by  which  the  power  acts  on  the  screw  were  capable  of  indefinite  in- 
cieiso,  or  the  thread  of  indefinite  fineness,  there  would  be  no  limit  to 
the  mechanio'il  effect  of  the  instrument;  but  to  both  of  them  there 
aie  pr'ictical  limits  The  lever  cannot  be  increased  so  as  to  render 
thi,  opeiation  of  the  power  unwieldly  and  impracticable,  and  the 
thread  cannot  bt  diminished  beyond  that  limit  which  will  give  suf- 
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501.   Hunter's 


Fig  142 


ficient  strcngtli;  and  the  cases  in  whicli  the  greatest  mechanical  effi- 
oaoy  is  needed,  are  ptedsely  those  iu  which  the  thread  of  the  screw 
requires  to  be  strongeat. 

"""■     "■    ■    '  -To  obtain  an  indefinite  augmentation  of 

he  power  of  the  screw,  without  diminishing 

the  strength  of  the  thread,  Mr,  Hunter  pro- 

'     1  ai-rangement  which  is  known  by 

e,  as  tke  Hunterian  screw.     This  is 

represented  in_^.  142. 

This  conti-iyance  consists  in  the  use  of 
two  screws,  the  threads  of  which  may  have 
any  strengtii  and  magnitude,  but  which  ha^e 
a  very  small  difference  of  breadth. 

While  the  worlticg  point  is  urged  for- 
ward by  bhat  which  liaa  the  greater  thread, 
it  is  drawn  back  by  that  which  has  the  less; 
so  that  duimg  each  leTolutun  of  the  screw, 
instead  of  being  advanced  thr  ugh  a  space 
equal  to  the  magnitude  of  either  of  the 
threads,  it  moves  through  a  space  equil  to 
The  mechanical  power  of  su(,h  a  machine  will  be 
the  same  aa  that  of  a  single  si,rew  ha^mg  a  thiead  whfse  magnitude 
is  equal  to  the  difference  nf  tho  magnitudes  of  the  two  tJiteid'i  just 
mentioned. 

Thus,  without  inconveniently  increasing  the  sweep  of  the  powtr 
on  the  one  baud,  or  on  the  other  diminishing  the  thread  until  the 
necessary  strength  is  lost,  the  machine  will  acquire  an  efficacy  limited 
by  nothing  but  the  sniallness  of  the  difference  between  the  two 
threads. 

502.  Micrometer  screw. — The  very  slow  motion  which  maybe 
imparted  to  the  end  of  a  fine  screw  by  a  very  considerable  motion  of 
the  power,  renders  it  an  instrument  peculiarly  well  adapted  to  the 
measureraent  of  very  minute  motions  and  spaces,  the  magnitude  of 
which  could  scarcely  be  ascertained  by  any  other  means.  To  esphiin 
the  manner  in  which  it  is  applied ;  suppose  a  screw  to  be  so  cut  as 
to  have  fifty  threads  in  an  inch,  each  revolution  of  the  acrew  will  ad- 
vance its  point  through  the  fiftieth  part  of  an  inch.  Now,  suppose 
the  head  of  the  screw  to  be  a  circle  whose  diameter  is  an  inch,  the 
ciroiimforence  of  the  head  will  be  sometling  more  than  three  inches : 
this  may  be  easily  diTided  into  a  hundred  equal  parts,  distinctly 
visible.  If  a  fised  index  be  presented  to  this  graduated  circum- 
ference, the  hundredth  i>art  of  a  revolution  of  the  screw  may  be  ob- 
served by  noting  the  passage  of  one  division  of  the  head  under  the 
indes.  Since  one  entire  revolution  of  the  head  moves  the  point 
through  the  fiftieth  of  an  inch,  one  division  will  correspond  to  the 
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five-thousandth  of  an  inch.  la  oi-der  to  observe  the  motioa  of  the 
point  of  the  screw  in  this  case,  a  fine  wire  ia  attached  to  it,  which  is 
carried  across  the  field  of  view  of  a.  powerful  microscope,  by  wHoh  the 
motion  is  so  magoified  as  to  be  distioctlj  perceptible. 


KEOTJtATION   OF  POROE. 

503.  RegvJalion  of  jwUon  necessary  in  machines.  —  Regularity 
and  uniformity  are  two  of  tbe  conditions  most  universally  indispen- 
sable in  machinery.  Sudden  changes  of  motioa  are  always  injurious, 
and  sometimes  destructive  to  the  apparatus,  and  never  fail  to  produce 
inconvenience  and  imperfection  in  the  articles  fabricated. 

Much  attention,  therefore,  has  been  directed  to,  and  mnoh  mechan- 
ical ingenuity  expended  on  contrivances  for  insuring  these  conditions 
of  regularity  and  uniformity  in  He  movement  of  machinery,  by  re- 
moving those  causes  of  inequality  which  can  be  avoided,  and  by  com- 
pensating these  which  cannot. 

504.  Causes  of  irregular  motion. — Irregularity  in  the  motion  of 
macliinery  will  result  in  any  one  of  the  following  eases, — 

1°.  "When  a  varying  power  is  opposed  to  a  uniform  resistance. 

2".  When  a  uniform  power  is  opposed  to  a  varying  resistance. 

3°.  When  the  power  and  resistance  both  vary,  but  not  proportion- 
ally to  eaoh  other. 

4°. When  the  power  is  not  transmitted  with  uniform  effect  to  the 
■working  point  in  the  successive  positions  assumed  by  the  machine. 

505.  Wliena  vm-ying  power  is  opposed  to  a  uniform,  resistance. — 
The  force  of  the  prime  mover  is  seldom  regular.  The  force  of  water 
varies  with  the  copionsness  of  the  stream ;  the  force  of  wind  is  pro- 
verbially capricious;  the  power  of  steam  varies  with  the  intensity  of 
combustion  in  the  furnace;  and  the  force  of  animal  power,  depend- 
ing on  the  temper  and  health,  is  difficult  of  control,  human  labour 
being  the  most  unmanageable  of  all.  No  machine  works  so  irregu- 
larly as  one,  that  is  manipidated. 

In  some  eases,  the  prime  mover  is  subject,  by  the  very  conditions 
of  its  esistenoe,  to  constant  variation,  as,  for  example,  where  it  is  a 
main  spring,  which  gradually  loses  its  energy  as  it  is  relaxed.  In 
some  cases,  the  prime  mover  is  liable  to  intermission,  and  is  totally 
suspended  during  certain  intervals.  An  example  of  this  is  presented 
in  the  single  acting  steam-engine,  where  the  force  of  the  steam  acts 
only  during  the  descent  of  the  piston,  but  is  suspended  during  its 
ascent. 
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506.  fVhere  a  tmiform  ■pome.r  is  opposed  to  a  varying  resistance.— 
In  almost  all  the  applications  of  machinery,  the  load  or  resistance  U 
subject  to  continual  fluotuation. 

In  mills,  a  imiltiplioity  of  parts  are  liahle  to  he  occasionally  and 
irregularly  diseagaged,  and  ta  have  their  operations  snspended.  In 
large  Victories  for  spinning,  printing,  dyeing,  &c.,  a  great  numher  of 
separate  spinning  machines,  looms,  presses,  and  other  engines,  are 
usually  driven  by  a  common  power,  such  as  a  water-wheel  or  a  steam- 
engine.  In  such  cases,  the  number  of  machines  worked  at  the  same 
time  must  necessarily  vary  according  to  the  employment  supplied  to 
the  factory,  and  to  the  fluctuating  demand  for  tte  articles  produced. 
Under  aucli  circumstances,  the  velocity  with  which  the  machinery  is 
moved  would  suffer  corresponding  changes,  increasing  with  each  dimi- 
nution, and  being  retarded  with  each  increase  of  the  resistance. 

507.  When  the  variation  of  the  power  is  not  proportional  to  the 
variation  of  the.  resistance.  —  In  many  cases,  the  variation  of  the 
power  and  the  variation  of  the  resistance  are  both  from  tlieir  condt 
tions  inevitable,  and  j  t  a  un  f   m   ffect       ndisp  nsabl       It  is 
dent  that  this  c  n    nly  h     nsi    d  by  a    lats    f  contr  wh   L 

have  for  their  oljttoppohnthpw     tth  tn      by 

either  causing  admntn      m  f         tn      tdmnh 

augment  the  supplj    f  p  w  a  th     th     h    d  by  g  th 

variation  of  the  p  w      to  a  t    n  p    ding  m  j  n  th 

resistance  or  load. 

In  a  word,  uniformity  of  a  h  n  machinery  can  only  be  insured 
by  providing  means  by  wh  h  th  j  w  and  the  resistance,  no  matter 
what  he  their  respective  a  t  n  hall  always  be  proportional  to 
each  other. 

Whenever  the  power  is  1  th  n  that  which  is  in  equilibrium  with 
the  reastanee,  the  motion  w  II  b  tord  1  and  if  this  condition  con- 
tinue it  will  ultimately  stop  and  wh  n  the  power  is  greater  than 
that  determined  by  the  c  nd  t  u  t  tn  1  brium,  the  motion  will  be 
accelerated,  and  if  this  nd  t  n  sh  uld  continue,  the  acceleration 
would  continue  until  the  ma  h  ne  w  Id  be  destroyed  by  its  own 
momentum. 

508.  When  the  effect  of  the  power  is  unequally  fransmiited  to  the 
resistance. — There  is  scarcely  any  machine  in  which  the  energy  of 
the  power  is  transmitted  uniformly  to  the  resistance  in  all  the  phases 
of  the  mechanism.  In  all  machines  the  moving  parts  assume  in  suc- 
cession a  variety  of  positions,  in  each  of  which  tiieir  effect  to  trans- 
mit the  power  to  the  resistance  is  different ;  .and  thus  the  effective 
energy  of  the  machine  in  acting  against  the  resistance  is  subject  to 
continual  fluctuation.  It  is  not  easy  to  convey,  without  numerous 
esamples,  a  general  idea  of  those  causes  of  inequality  tQ  those  who 
are  not  familiar  with  machinery.  It  wUl,  however,  be  more  clearly 
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uuderstood  wlion  we  come  to  esplain  the  methods  of  eqaaliaing  the 
action  of  the  power  and  the  resistaaoe. 

509.  Regulators,  tJi6  general  principle  of  their  action. — The  class 
of  uontrivanees  which  haye  for  their  object  to  render  tlie  power  and 
resistance  proportionate  to  eacii  otter  are  called  regulators.  They 
generally  act  upon  that  point  of  the  machine  which  commands  the 
supply  of  the  power  by  means  of  some  mechanical  ooatrivaEceB, 
whicu  check  the  quantity  of  the  raoring  principle  conveyed  to  the 
machine  whenever  the  motion  becomes  accelerated,  and  increase  the 
supply  whenever  it  becomes  retarded, 

la  a  water-wheel,  for  esample,  this  is  accomplished  'bj  acting  upon 
the  shuttle,  in  a  wind-mill  by  the  adjustment  of  the  sails,  and  in  a 
steani-ea^ne  by  acting  on  a  -vaWe  called  the  throttle  vaive  placed  in 
the  main  pipe,  through  vrliich  steam  flowa  from  the  boiler  to  the 
fijlinder. 

510.  TIk  governor. — One  of  the  most  interesting  and  instructive 
examples  of  this  ela.ss  of  con- 
trivances is  called  the  governor. 
This  eKpedient,  which  was  long 
used  to  regulate  mill  work  and 
other  machinery,  owes  its  beau- 
tiful adaption  to  the  steam-en- 
gine to  the  ingenuity  of  Watt. 
It  consists  of  two  heavy  balls, 
B  B,  Jig.  143.,  attached  to  the 
extremities  of  rods  B  F  jointed 

Fig,  H3,  at E,  and  passing  through  a  mor- 

tiee  in  the  vertical  stem  D  D'. 

When  the  balls  b  are  driven  from  the  axis  by  fJie  centrifugal  force 
ariang  from  their  rotation,  their  upper  arms  E  E  are  caused  to  in- 
crease their  divergence  in  the  same  manner  as  the  blades  of  a  scissora 
are  opened  by  separating  the  handles.  These  acting  wpoo  the  ring 
n,  by  means  of  the  short  limbs  p  h  draw  it  down  the  vertical  axis 
from  D  towards  E.  A  contrary  effect  is  produced  when  the  balls  b 
are  brought  closer  to  the  asis,  and  the  divergence  of  the  rods  b  e 
diminished.  A  horizontal  wheel  w  is  attached  to  the  vertical  axis 
15  ]>',  having  a  groove  to  receive  a  rope  or  strap  upon  its  rim.  This 
strap  passes  round  the  wheel  or  axis,  by  which  motion  is  transmitted 
to  the  machinery,  to  be  regulated  so  that  the  spindle  or  shaft  d  d' 
will  be  always  made  to  revolve  with  a  speed  proportionate  to  that  of 
the  machinery. 

As  the  shaft  d  d'  revolves,  the  balls  b  are  carried  round  it  with  a 
circular  motion,  and  consequently  acquire  a  centrifugal  force  which 
causes  them  to  recede  from  the  axle,  and  therefore  to  depress  the 
ring  H,  On  the  edge  or  rim  of  this  ring  is  formed  a  groove,  which 
is  embraced  by  the  prongs  of  a  fork  1  at  the  extremity  of  one  ana 
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of  a  lover  wtoae  fulcrum  is  at  q.  The  e^ttremity  k  of  tKo  other  ana 
is  conuected  by  some  means  with  the  part  of  the  machine  which  sap- 
plies  the  power.  In  the  present  inafaince  we. shall  suppose  it  a  steam- 
eagine ;  in  which  case  the  rod  k  i  communicates  with  a  flat  circular 
valve  V  placed  ia  the  principal  steam  pipe,  and  so  arranged  that  when 
K  is  elevated  as  far  as  by  their  divergence  the  balls  B  have  power 
over  it,  the  passage  of  the  pipe  will  l>e  closed  by  the  valve  v,  and  the 
passage  of  steam  entirely  stopped;  and,  on  the  other  hand,  when  the 
balls  subside  to  their  lowest  position,  the  valve  will  be  presented  with 
its  edge  in  the  direction  of  the  tube,  so  as  to  interrupt  no  part  of 
the  steam. 

The  property  which  renders  this  instrument  so  well  adapted  to  its 
purpose  is,  that  there  is  bat  one  velocity  at  which  the  balls  can  re- 
main in  equilibrium. 

When  the  instrument  is  constructed,  and  adapted  to  the  machinery 
to  ■which  it  ia  intended  to  be  applied,  the  weight  and  proportion  of  ita 
parts  are  adapted  to  particular  velocities,  with  which  the  machine  ia 
to  be  moved.  Whenever  the  velocity  becomes  greater  than  that,  the 
balls  recede  from  the  asis,  the  arm  i  is  drawn  down,  the  valve  v  is 
closed,  and  the  supply  of  the  moving  power  diminished.  The  in- 
crease of  velocity  ia  thua  stopped,  and  the  movement  is  reduced  to  ita 
normal  rate,  at  which  it  continues,  the  balls  niiuntaining  their  in* 
creased  distance  from  the  asis.  Whenever,  on  the  other  hand,  the 
velocity  is  diminished,  the  centrifugal  force  being  also  diminished,  the 
balls  'Kill  nearer  the  axis;  the  ai'm  I  is  raised,  and  the  valve  v  is 
opened,  so  that  an  increased  supply  of  the  moving  power  is  produced, 
and  the  tendency  to  retard  the  movement  is  checked. 

When  the  governor  is  applied  to  a  water-mil!,  it  is  made  to  act 
upon  the  shuttle  through  which  the  water  flows,  and  to  limit  its 
quantity,  ia  the  same  manner  as  above  described.  When  it  is  ap- 
plied to  a  wind-mill,  it  regulates  the  sails  through  the  same  principle. 

The  governor  may  also  act  upon  the  resistance,  so  as  to  accommo- 
date it  to  the  varying  energy  of  the  power. 

This  is  sometimes  done  in  corn-mills,  where  it  acts  upon  the  shut- 
tle that  metes  out  the  corn  to  the  mill-atonea. 

511.  The  pendulum  of  a  clock  and  balance-wlicel  of  a  icatck.  — 
Of  all  the  regulators  use  1  m  machmery,  those  which  are  moat  fami- 
li  a  are  the  pendulum  and  balance,  used  in  clock  and  wafth  work 
Thc-e  contrnances  ha\e  the  propeitj  of  always  making  their  vibra 
ti  ns  m  the  s'ime  time,  "no  matter  what  be  the  length  of  the  arcs 
throigh  which  they  swing,  limited,  howLVtr,  a^  these   an.a  are  m 

The  moving  power,  m  a  common  clock,  is  thit  of  i  descending 

weight,  which  keeps  in  levolution  a  wheel,  the  motion  of  nhich  la 

impirted  through  a  series  of  other  wheels,  woiking  ono  m  anothtr, 

to  the  hands  which  move  on  the  dial  plate      Now,  if  no  regu' 
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power  intervene,  the  moTement  imparted  to  tbe  hands  ■mould,  ia  this 
case,  he  a  uniformly  accelerated  motion,  that  heing  the  motion  which 
gravity  would  impart  to  the  descending  weiglit;  hut  this  is  preveuted 
by  the  regulating  power  of  the  pendulum  acting  on  a  wheel  called 
the  eaoapement.  Connected  with  tie  upper  end  of  the  penduium 
rod,  is  a  small  apparatus,  furnished  with  two  teeth,  or  projecting 
pieces,  which  fall  alternately  between  the  teeth  of  a  wheel  called  tie 
escapement  icheel,  the  intervals  of  their  action  corresponding  with 
the  vibrations  of  the  pendulum.  This  escapement  wheel  is  itself 
impelled  by  the  moving  power  of  the  descending  weight ;  but  it  is 
continually  stopped  by  the  action  of  the  two  pins  moved  hy  the  pen- 
dulum just  mentioned. 

The  balance-wheel  of  a  watch  renders  uniform  the  effect  of  the 
main-spring,  in  precisely  the  same  manner. 

The  main-spring,  which  is  the  moving  power  in  this  case,  consists 
of  a  strong  spiral  spring,  which  is  coiled  up  to  its  highest  tension 
ivhen  the  watch  is  wound  up.  It  drives  a  wlieel,  the  motion  of  which 
is  imparted  through  a  succession  of  other  wheels  to  the  hands.  Tte 
movement  thus  imparted  to  the  hands  would  he  subject  to  all  the 
variation  of  the  relaxing  force  of  the  spring,  were  it  not  for  the  inter- 
position of  the  regulating  effect  of  the  balance-wheel,  which  acts  in  a 
manner  precisely  similar  to  the  pendulum  just  described. 

512.  The  toater  regulator.  —  Another  expedient  sometimes  used 
for  the  regulation  of  the  movement  of  machinery,  is  tho  water  regu- 
lator. This  consists  of  a  small  pump,  worked  by  the  machine  which 
is  to  be  regulated,  and  which  throws  water  into  a  reservoir,  from 
which  it  flows  hy  a  pipe  of  ^ven  magnitude.     When  the  water  is 

Suaiped  up  with  the  same  velocity  as  that  with  which  it  is  discharged 
y  the  pump,  the  level  of  the  water  in  the  reservoir  will  remain  sta- 
tionary ;  if  more  is  pumped  up  than  is  discharged,  the  level  will  rise ; 
and  if  less,  it  will  £ill. 

It  is  evident,  therefore,  that  every  fluctuation  in  the  velocity  of  the 
machine  will  be  indicated  by  the  rising  or  falling  of  the  level  of  the 
water  in  the  cistern;  and  that  this  level  never  can  remain  stationary, 
csceptwhe  th  m  1  h  th  t  t  I  ty  wh  h  ^.l  the 
quantity  otwt  d  hgdbythjp  Th  pp  yb  ad- 
justed aatdhgthwt  tyqedrat  dththe 
cistern  may  1       dptdfoJoat  stabltyfy  pro- 

Tosed  amo    t 

If  the  t  te  he  t  tly  w  toh  d  by  tte  d  t  th  loeity 
of  the  ma  h       m  y  b      b  ted  wh      th    I      1    t  th    w  t  ob- 

served to     so  Iwh       t  f  11    by     g  1  t    g  tl     1  wer; 

but  this  is  d        m    h  m        i    tu  lly      d      gtd    ly  hy  „  the 

surface  ofthwt*,     tlft    prfmth     ly      Aflt        large 
hollow  met.1  b  0        jl      1     j       th         f         f  th    w  t 
cistern.    Th     b  II  1     th     1  t   g    i 
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of  tte  mscliinery  which,  controls  the  power  or  regulates  the  amount 
nf  resistaiiee,  as  already  espMned  ia  the  case  of  the  governor.  When 
the  level  of  the  water  rises,  the  buoyancy  of  the  ball  causes  it  also  to 
rise  with  a,  force  equal  to  the  difference  between  its  own  we  ht  n  1 
tlie  weight  of  aa  muoh  water  as  it  displaces.  By  enlarging  th  fl  t- 
ing  ball  a  force  may  be  obttdned  sufficiently  great  to  move  th  se  pa  ts 
of  the  machinery  which  act  upon  the  power  or  resistance,  and  thus 
cither  to  diminidi  the  supply  of  the  moving  prinwple,  or  to  n  eaaa 
the  amount  of  the  r^istence,  and  thereby  retard  the  mot  n  and 
reduce  the  velocity  to  its  proper  limit. 

When  the  level  of  the  water  in  the  cistern  falla,  the  float  n^  b  11 
being  no  longer  supported  on  the  liquid  surface,  descends  w  th  he 
force  of  its  own  weight,  and  producing  an  effect  upon  the  j.  w 
resistance  oontrai^  to  the  former,  increasing  the  effective  eneigj  of 
the  one  or  diminishing  that  of  the  other,  until  the  velocity  proper  to 
the  machine  be  restored. 

The  sensibility  of  these  regulators  is  increaaed  by  making  the  sur- 
face of  water  in  the  cistern  as  small  as  possible,  for  then  a  small 
change  in  the  rate  at  which  the  water  is  supplied  by  the  pump  will 
produce  a  conaderable  change  in  the  level  of  the  water  in  tho 
cistern. 

Instead  of  using  a  float,  the  cistern  itself  may  be  suspended  from 
the  lever  which  conti-ols  the  supply  of  the  power,  and  in  this  caae  a 
sliding  weight  may  be  placed  on  the  other  arm  so  that  it  will  balance 
the  cistern  when  it  contains  that  quantity  of  water  which  corresponds 
to  the  flsed  level  already  explained.  If  the  quantity  of  the  water  in 
the  cistern  be  increased  by  aa  nndue  velocity  of  the  machine,  the 
weight  of  the  cistern  will  preponderate,  draw  down  the  arm  of  the 
lever,  aad  check  the  supply  of  the  power.  If,  on  the  other  hand,  the 
supply  of  water  be  too  small,  the  cistern  will  no  longer  balance  the 
counterpoise,  the  arm  by  which  it  is  suspended  will  be  raised,  and 
the  energy  of  the  power  will  be  increased, 

513.  Fusee  in  watckioork. — The  effect  of  a  power  of  variable 
energy  may  be  rendered  uniform  by  transmitting  it  to  the  working 
point,  through  the  agency  of  &  levera^  of  corresponding  variation 
so  regulated,  that,  in  the  same  pro- 
ffl  portion  aa  the  power  diminishes  in 

energy,  the  leverage  shall  increase, 
and  vice  versd,.  A  well-known  ex- 
ample of  this  occurs  in  the  con- 
struction of  certain  watches,  where 
Fig,  144.  the  moving  power,  being"  a  main- 

spring inclosed  in  a  baiTel,  has  a 
gra/lually  diminished  energy  as  the  spring  is  relaxed.  The  ohain  as 
it  is  discharged  from  the  barrel  is  coiled  upon  a  conical  spiral,  called 
a  fusee,  represented  ia  Jig.  144.     The  leverage  by  which  the  force 
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of  the  spring  is  transmitted,  being  the  semi-diameter  of  the  fusee,  and 
the  motion  commenciag  from  the  top,  or  narrowest  end,  it  follows  that 
when  the  energy  of  the  sprbg  ia  greatest  the  leverage  is  least;  and 
OS  the  otain  coiia  upon  the  oarrel  containing  the  spring,  and  is  dis- 
charged from  the  fiiaee,  the  radius  of  each  part  of  the  fusee  which 
discharges  the  chaio  gradually  increases.  The  fotm  of  the  fuseo  is 
such  that  this  increase  of  leverage  is  in  the  esact  proportion  of  the 
diminished  force  of  the  spring. 

514.  When  the  efficacy  y  the  machine  to  transmit  the  power  to 
the  working  point  varies.  —  The  several  parts  of  a  machine  have 
certain  periods  of  motbn,  in  which  they  pass  through  a  variety  of 
positions,  returning  constantly  to  similar  positions  after  equal  intervals. 

In  the  different  positions  assumed  by  tie  moving  parts  during  these 
periods,  the  effect  of  the  power  transmitted  to  the  working  point  is 
different;  and  cases  even  occur  in  which  for  a  moment  this  effect  is 
altogether  interrupted,  and  the  machinery  is  then  in  a  predicament  in 
which  the  power  loses  all  effect  upon  the  resistance.  The  cODseC|ueace 
of  this  would  be,  that,  supposing  the  power  and  reMstance  to  be  both 
uniform,  the  action  of  the  former  upon  the  hitter  would  be  subject  to 
periodical  variation,  being  at  one  time  more  and  at  another  time  less 
than  would  be  necessary  to  keep  the  whole  in  equilibrium. 

Under  these  oireumstanoea,  it  ia  possible  to  suppose  that  the  move- 
ment of  the  machine  may  continue,  and  even  ■tiiat  its  average  rate 
may  be  uniform;  but  its  motion  would  be  subject  to  periodical  varia- 
tions, being  alternately  accelerated  and  retarded.  This  would  be 
attended  not  only  with  an  injurious  effect  upon  the  work  produced  by 
the  machine,  but  would  be  also  detrimental  to  the  maohine  itself, 
whose  moving  parts  would  be  subject  to  continual  starts  and  strains 
arising  from  the  alternate  reception  and  destruction  of  momentum. 

515.  Effect  of  a  crank.  —  To  render  these  general  observations 
mora  clearly  intelli^ble,  we  shall  take,  as  an  esample,  the  action  of 
a  common  crank,  used  in  steam-engines  and  many  other  machines. 

A  crank  is  nothing  more  than  a  double  wineh.  It  is  represented 
complete  with  both  its  arms  in  ^g.  145.  At- 
tached to  the  middle  of  o  D,  by  a  joint,  is  a 
rod,  which  is  the  means  of  imparting  the  effect 
'  of  the  power  to  the  crank.  This  rod  is  driven 
by  an  alternate  motion  like  the  brake  of  a 
pump.  The  bar  o  D  is  carried  with  a  cu'cular 
<*  motion  round  the  axis  A  p. 

Fig,  145.  Let  the  maohine  viewed  in  the  direction 

A  B  E  F  of  the  axis  be  conceived  to  be  repre- 
sented in  Jig.  14:6,,  where  A  represents  the  centre  round  which  the 
motion  is  to  be  produced,  and  G  the  point  where  the  connecting  rod 
G  n  is  attached  to  the  arm  of  the  crank.  The  circle  through  which 
G  is  to  be  urged  by  the  rod  is  represented  by  the  dotted  line.  In  tbo 
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u  fig.  146.,  the  rod  acting  in.the  direction  n  s 
has  its  full  power  to  turn  the  crank  g  a  round  the  centre  A.  As  the 
trank  coniea  inta  the  position  represented  in  jig.  147.,  this  power  is 
diminished,  and  when  the  point  G  comes  immediately  helow  a,  as  in 
fig.  148.,  the  force  in  the  direcljon  hg  has  no  efEeot  in  turning  the 


Fig.  116.  Fig.  147.  Fig.  UB. 

crank  round  A,  but,  on  the  eontrai-j,  is  entirely  expended  in  pulling 
the  crank  in  the  direction  q  a,  and  therefore  only  acts  on  the  pivots 
or  gudgeons  which  support  the  asle. 

At  fliis  crisis  of  the  motion,  therefore,  the  whole  effective  energy 
of  the  power  ia  annihilated. 

After  the  crank  has  passed  to  the  position  represented  in  fig.  149., 
the  direction  of  the  force  which  acta  upon  the  connecting  rod  ia 
changed,  and  now  the  crank  is  drawn  upward  in  the  direction  gh. 
Li  this  position  the  moving  force  has  some  efficacy  to  produce  rotation 
round  A,  which  efficacy  continually  increases  until  the  crank  attains 
the  position  shown  in  fig.  150.,  when  its  power  is  greatest.  Passing 
from  this  position  its  efficacy  is  continually  diminished  until  the  point 
G  comes  immediately  above  tho  asis  A,  fig.  161,     Here  again  the 


Fig.  149. 


Fig.  150. 


Fig.  151. 


power  loses  all  its  efficacy  to  turn  the  axle.  The  force  in  the  diree- 
tioa  G  H  or  H  G  canohviously  produce  no  other  eifect  than  a  strain 
upon  the  pivots  or  gudgeons. 

It  will  he  evident  from  this  that  the  action  of  the  power  transmitted 
to  the  working  point  G  is  very  variable.     At  tho  dead  points  repre- 
sented in  figs.  14B.  and  151.,  the  machine,  if  depending  solely  upon 
230 


<Ktoi..,Coo^lf 


REGULATION  OF  FORCE.  231 

tliQ  moving  power,  must  come  to  rest,  for  at  botli  poinfa  the  wtole 
effect  of  the  power  would  be  exerted  in  producing  pressure  ou  the 
axle  and  gudgeons  of  the  crank.  Through  a  small  space  at  either 
side  of  those  dead  points,  the  effect  transmitted  to  G,  though  not 
absolutely  nothing,  is  almost  evanescent,  so  that  it  may  he  considered 
that  through  a  Email  arc  at  either  side  of  each  of  the  dead  points  the 
machine  is  still  inert. 

It  must,  howevej',  be  considered,  that,  in  virtue  of  its  inertia,  the 
motion  wliich  the  machinery  had  previously  to  its  arrival  at  its  dead 
points  has  a  tendency  to  continue;  and  if  the  resistance  of  the  load 
and  the  effects  of  Iriction  be  not  too  great,  this  disposition  to  preserve 
its  state  of  motion  will  extricate  the  machinery  from  the  mechanical 
dilemma  in  which  it  is  involved  in  these  casus  by  the  particular  dis- 
position of  its  parts.  Although,  however,  the  motion  will  not  there- 
fore, be  actually  suspended,  on  the  arrival  of  the  crank  at  the  dead 
points,  it  will  be  greatly  retarded;  and,  on  tie  other  hand,  when  tho 
power  acquires  its  greatest  activity,  as  it  does  in  the  position  repre- 
sented injigs.  146.,  150.,  it  will  be  unduly  accelerated. 

516.  Me.gulating  effect  of  a  fiy-wheel.  —  These  irregularities  are 
equalized  by  fixing  upon  the  axis  of  the  crank,  or  at  any  otber  con- 
venient part  of  the  machine,  a  fly-wheel,  which  is  a  massive  ring  of 
metal,  connected  with  a  central  box  or  nave,  by  eomparafively  light 
spokes,  and  turning  on  an  axis  with  but  little  friction.  If  any  force  be 
applied  to  it,  with  tbat  force,  making  some  slight  deduction  for  frie- 
tnn,  it  will  move  and  will  contmue  tomo^euntal  some  obstacle  retard 
it,  which  obstacle  will  receive  fiom  it  as  much  force  as  the  fly-wheel 
loses 

The  efftot  of  such  a  wheel  applied  to  the  parts  moved  by  the 
ci  mk  will  equalize  the  inequality  which  has  just  been  described. 
>\  hpn  the  crank  assumes  the  position  represented  \ajigs.  146.,  150., 
nlicre  the  powei  has  full  play  upon  it,  the  effect  of  the  power  is 
partly  ti-ansmitted  to  the  machine,  and  partly  received  by  the  move- 
able rim  of  the  fly-wheel,  to  which  it  imparts  increased  momentum, 
Tbera  is  here,  it  is  true,  an  acceleration  of  the  motion,  but  one  which 
is  comparatively  small,  inasmuch  as  the. great  mass  of  the  fly-wheel 
receives  the  momentum  without  sensible  increase  of  speed.  When 
the  crank  gets  into  the  predicament  represented  at  the  dead  points 
f.gi.  148.,  151.,  the  momentum  of  the  fly-wheel,  received  when  the 
crank  acted  with  most  advantage,  immediately  conveys  its  force  to  the 
working-point  G,  extricates  the  machine,  and  carrying  the  oi'ank  out 
of  the  neighbourhood  of  the  dead  point,  brings  the  power  again  to 
bear  upon  it. 

517.  Methods  of  augmenting  or  mitigating  the  energy  of  the  mov- 
ing power.  —  It  happens  frequently  in  the  practical  application  of 
iiiaohiuery,  that  the  moving  power  is  much  too  intense,  or  much  loo 
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feeWe,  for  the  resistance;  auil  in  the  one  n^e  eiintinincc  aro  le- 
quired  hy  which  it  may  be  groitly  attenuated,  and  m  tlie  otker  hy 
whicb.it  may  !«  greatly  augmented 

&18.  Cuse  of  watcliworlc  moved  by  a  matn-tpivng  — In  the  eise 
of  watct-worlt,  the  resistance  to  be  overcome  is  nothing  inoie  thin 
that  presented  by  the  hands  which  move  tipi^a  the  dial  plate  In 
th  h  giw         thfoefthfinrsljhb 

tw  t  f  ir  h  m  th  mai  p  ing  isw  dp  Ihm  pg 
tself  jnstb        cradl        th       is  m       dpotyfth 

pw  -td       widgpthwth       It  p         m 

Th    f        wh   h      th      d  pfffl  t  d  tw    ty  f       h  nr         th 

m  p  fe  d  1  d  J,  d  lly  d  gul  ly  by  SI  h  p  lug  t 
(h    fu  d  t       in  tted    thi    gh  th      y  t  m     f     h    Is,    t    th 

h    d 

I    fh     ase    f   loot  mdby  P8        tdfw  £,ht 

ii       tt        t        f  th    m  p  w  1 11  m  te  Th 

I  w      dpwllfq      tly^ffifte      dy       Ith 

th      f        th     m    h         1  f   ce  ted  by  th     hand       w    1 

th  m    p       1  wh  h      d      I  I    1        1       th  m      t  p     d 

fit  tun      t       tyf        h  ly  th     mech       m     f  th 

1    k 

V^    C         f    I    I      k    ui     I  by  gAt  —  I     th  t 

1    i   wh   hg    ly         ht  th        fe     1  m       gf  !      th      j 

p!  t  t  th  h  m  h  d  w  d  p  th  w  ^ht  Th  w  ght 
b     g  1  ft  i      h     ht    t  th  f      f    e  d    ce  d      1  wly  th      gh 

th  1    ^ht       I    tgt    d    ted    gfoe  grad    lly      d     ^ 

1   Ij  to  th     loci      k     I    this         (h     t       th   d         1      f 
f      w  £,ht    h        h        m  11  h  ght  tte      ted  as  to    mpirt 

t       t    th    h    d   wh   1  w  11        t  m  t  m     f        m    th 

1 

1    r  1    ht!  gff  fi7    po,  g       td  ~ 

It      f    1      tl        id        th         truy  t    imp    t  t    th  ta  ce 

1  tlygtfiintetyth       thm-ngpw         Nm 

s^mpl      fth    h       b        1     dyg  11    t    t    g  th         pi 

maLhines.  In  all  casea  where  the  leTCia^e  of  the  powei  Jb  gieatei 
than  the  leverage  of  the  r  istan  th  w  11  h  n  augmented  in- 
tensity of  mechanical  actj  nuth  npp-tn  and  this  inten- 
sity, by  combining  laver  th  mpl  m  has,  may  be  aug- 
mcnfed  without  any  pvact  cal  1  m  t 

521.  JiTialysis  of  the  a  f  ha   n  1  dg  s,  ^c.  —  But  in 

some  oases  a  force  is  tequi  1  m  ntense  th  n  can  be  obtained  even 
by  these  means.  .  In  such     ae  ,  t  b      m      n  y  to  convert  the 

coatioued  agency  of  the  moving  power  into  one  which  acts  instantly 
and  by  intermission.  If,  for  esample,  it  be  required  to  cause  a  nail 
to  penethite  a  beam  of  wood,  we  sho.uld  attempt  in  vain  to  accom- 
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jths!]  tliis,  by  producing  any  preaaure,  towever  great,  on  the  head  of 
the  nail.  A  few  blows  of  a  hammer,  nevertheless,  easily  effect  this, 
lu  this  case,  the  moving  power  is  the  hand,  or  other  force  which 
raises  the  hitmmer.  The  mass  of  the  hammer,  ia  f&lliug  on  the  head 
of  the  nail,  imparts  instantly  to  the  hmI  the  entire  force  which  was 
eserted  in  lifting  it,  but  mtix  this  difference,  that  snoh  force,  in  rais- 
ing the  hammer,  was  developed  in  a  certain  definite  tioje,  whereas  it 
is  discharged  upon  the  head  of  the  nail  in  an  instant. 

The  same  observations  apply  to  all  cases  in  which  perciiasion  is 
used,  in  ail  these  cases  the  force  is  developed  in  a  definite  time, 
but  is  discharged  upon  the  resistance  in  an  instant. 

522.  'iiw  pile  engine.  —  The  pile  engine,  in  which  heavy  weights 
are  raised  to  a  certain  height  by  the  moving  power,  as  represented  in 
jig.  152.,  anct  let  fall  upon  the  heads  of  the  piles  to  be  driven,  pre- 
sents an  esample  of  this.  The  entire  force  exerted  in  raising  the 
weight  is  iSiseharged  instantly  on  the  head  of  the  pile  the  moment 
the  desoendiag  weight  strikes  it. 


Fig,  153. 


523.  The  sledge-hammer. — The  sledge-hammer  used  in  for^ng 
iron  presents  another  example  of  this.  The  hammer  is  raised  by 
machinery  through  the  intervention  of  various  mechanical  espedients, 
such,  for  example,  aa  that  represented  in  _fig.  153.,  where  it  is  ele- 
vated by  teeth  A,  called  cams  or  wipers,  attached  to  a  wheel,  which 
press  down  one  arm  of  the  lever  c  to  which  the  sledge  is  attached, 
and  raise  the  other.  When  the  wiper  passes  it,  the  sledge  falls  upon 
the  anvil  with  the  full  weight, 

524.  Inertia  supplies  means  of  accumulating  force. — In  some 
cases  where  a  severe  instantaneous  aotion  is  required,  the  moving 
power  is  accumulated  by  means  of  the  inertia  of  matter.  A  mass  of 
matter  retains  by  virtue  of  its  inertia  the  whole  amount  of  any  force 
which  may  be  given  to  it,  except  that  part  of  which  friction  and  the 
Btmoapherie  resistance  deprives  it. 
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To  reBiicr  this  metliod  of  aeeumulating  force  intelligible,  let  ua 
Erst  imagine  a  polished  level  plane,  on  ■which  a  heavy  globe  of  metal, 
also  polished,  is  placed.  It  is  evident  that  the  globe  will  remain  at 
rest  on  any  part  of  the  plane  without  a  tendency  to  move.  Suppose, 
then,  a  slight  impulse  be  given  to  it,  which  will  cause  it  to  move 
with  any  given  velocity,  for  example,  three  feet  per  second. 

It  will  then  continue  to  move  with  this  velocity  for  any  length  of 
time,  except  so  far  as  it  may  be  impeded  by  the  resistance  abeady 
mentioned. 

Let  us  then  imagine  a  second  impulse  given  to  it  equal  in  force  to 
the  former ;  this  will  increase  ita  velocity  to  mx  feet  per  second ;  a, 
third  impulse  will  angment  it  to  nine  feet  per  second,  and  so  on. 
Now  there  is  no  limit  to  the  number  of  impulses  which  may  be  suc- 
cessively given  to  the  moving  body,  provided  only  space  were  ^ven 
for  its  motion.  Thus,  ten  thousand  repetitions  of  the  impulse  would 
make  the  body  move  at  the  Jate  of  thirty  thousand  feet  a  second. 
If  the  body  to  which  these  impulses  were  transmitted  were  a  cannon- 
ball,  it  might,  by  the  constant  application  of  a  feebly  impelling  force, 
be  made  to  move  at  length  with  as  much  force  as  if  it  were  impelled 
from  s,  powerful  piece  of  ordnance.  The  force  with  which  such  a 
ball  wotdd  strike  a  buttress  might  be  sufficient  to  reduce  it  to  ruins; 
and  yet  such  force  may  be  nothing  more  than  the  accumulation  of  a 
number  of  feeble  forces,  not  beyond  the  power  of  a  child  to  exert, 
which  are  stored  up  and  preserved  in  the  moving  mass,  and  then 
brought  to  bear  at  the  same  moment  on  the  resistance  against  which 
tbe  force  is  directed.  It  is  the  same  for  any  number  of  actions  ex- 
erted successively  and  duiing  a  long  interval,  brought  into  operation 
at  one  and  the  same  moment. 

But  the  case  here  supposed  cannot  actually  occur,  because  we  have 
not  in  general  practical  means  of  moving  a  body  for  a  considerable 
timo  in  the  same  direction,  without  much  friction,  and  without  en- 
countering other  obstacles  which  would  impede  its  progress.  If,  how- 
ever, a  J^en  ball  be  attached  to  the  end  of  a  string  and  whirled 
rapidly  round,  a  great'foroe  would  be  given  to  it,  and  it  will  strike  a 
board  with  such  intensity  as  to  penetiate  it. 

525.  Effect  of  weapon  called  life-preserver,  flails,  Sfc.  —  A 
weapon  called  a  life-preserver  consiste  of  a  piece  of  lead  sometimes 
athiched  to  the  end  of  a  piece  of  cane  or  whalebone,  with  which  a 
blow  may  be  ^ven  with  great  force. 

Innumerable  examples  of  the  application  of  thia  principle  will 
present  themselves  to  every  mind.  Flails  used  in  threshing,  clubs, 
canes,  whips,  and  all  instruments  Tised  for  striking,  axes,  hatchets, 
cleavers,  and  all  instruments  which  act  by  a  blow,  present  examples 
of  this  principle. 

526.  Loaded  lever  of  sere ic-or ess.— Where  very  intense  force  ia 
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reqniretl,  as,  for  example,  in  certain 

OA  i^\.         T!/"~\  presses,  two  teavy  balls  are  attached 

"    1^  V_/  to  the  ends  of  a  horizontal  lever  a  b, 

"JlJ"]  wltli   equal   aims,  f.g.    154.      This 

I  M  I  lever  works  a  screw,  at  the  lower  end 

TjirTr  of  which  is  the  working  point.     A 

J^IJi  rapid  motioa  is  imparted  to  the  halls 

U^  by  the  hand,  and  the  working  point 

is  driven  against  the  resistance  by  the 
accumulated  momentum  acquired  by 
Fig,  154.  tjjg  ^^iig^  augmented  by  the  leverage 

of  the  ai-ms  to  whioh  they  aro  attached,  and  the  mechanical  force  of 
the  screw. 

527.  Tftis  accwmulalion  of  fores  imolws  no  paradox. — The  sur- 
priaing  effects  produced  by  the  aoeumulation  of  force  are  apt  to  lead 
to  erroneous  suppositions,  that  instruments  thus  acting  by  inertia 
have  the  effect  of  actually  augmenting  the  amount  of  moving  power. 
When  the  quality  of  inertia,  nowever,  is  rightly  imderstood,  such  an 
error  cannot  occur.  The  instruments  by  which  force  is  thus  accumu- 
lated, 30  far  from  augmenting  the  effect  of  the  moving  power,  must 
to  some  extent  dimmish  it;  inasmuch  as  they  are  liable  to  friction 
and  atmospheric  resistance,  by  which  more  or  less  force  is  intercepted. 
An  accumulator  of  force,  whatever  be  its  form,  can  never  ha^  more 
force  than  has  been  applied  to  put  it  in  motion.  Whether  it  be  a 
falling  weight,  a  revolving  mass,  a  string  which  is  coiled  up,  or  air 
which  is  condensed,  it  cannot  develop  a  greater  amount  of  force  than 
that  which  is  imparted  in  rising  it  if  it  be  a  weight,  in  putting  it  in 
motion  if  it  be  a  moving  ma^,  m  winding  it  up  if  it  be  a  string,  or 
in  compressing  it  if  it  be  air.  The  only  difference  between  the 
power  which  is  imparted  to  these  agents,  and  the  effects  which  they 
produce  respectively  upon  the  resistance,  is  in  the  time  during  which 
the  effects  are  developed.  The  power  is  in  general  imparted  slowly, 
while  the  effects  are  prodoced  instantaneously. 

528.  Rolling  and  punching  miUs — effect  of  fiy-mlieels. — Mills  for 
rolling  metals,  or  for  punching  boiler  plates,  supply  striking  examples 
of  tills.  The  water-wheel,  or  steam-engine,  or  whatever  other  power 
he  used,  is  allowed  for  some  time  to  act  upon  the  fly-wheel  alone,  no 
load  being  placed  upon  the  machine.  When  a  sufficient  momentum 
has  been  imparted  to  the  mass  of  metal  forming  the  fly-wheel,  the 
metal  to  be  rolled  or  piei-ced  is  submitted  to  the  machine,  and  is  im- 
mediately flattened  or  perforated  by  it,  depriving  at  the  same  time  the 
fly-wheel  of  a  corresponding  quantity  of  its  momentum. 

In  the  same  manner,  a  force  may  be  obtained  by  the  arm  of  a  man 
acting  on  a  fly  for  a  few  seconds,  sufficient  to  impress  an  image  on  a 
piece  of  metal  by  an  instantaneous  stroke.  The  fly  is  therefore  the 
principal  agent  in  coining-presses. 
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Some  presses  used  in  coining  have  flies  witli  arms  four  feet  loag, 
bearing  a  hundred  weight  at  each  of  tlieir  extremities.  If  sucli  a 
velocity  be  imparted  to  such  an  arm  that  it  shall  make  one  revolulaon 
per  secon'd,  the  die  will  be  driven  against  the  metal  with  the  same 
force  83  that  with  whioh  3^  tona  would  fell  from  the  height  of  16 
feet,  which  is  an  enormous  power  if  the  simplicity  aad  compactness 
of  the  machine  be  considered. 

529.  Position  of  tlm  jty-v>heel.  —  The  place  to  be  as^gned  to  a 
fly-wheel  relatively  to  the  other  parts  of  the  machinery  is  determined 
by  the  purpose  for  which  it  is  used.  K  it  be  intended  to  equalize 
the  action,  it  should  be  near  the  workiag  point.  Thus,  in  a  steam- 
engine,  it  is  placed  near  the  crank  which  turns  the  as!e,  by  which  the 
power  of  the  en^na  is  transmitted  to  the  object  it  is  finally  designed 
to  affect.  On  the  contrary,  in  hand-mills,  such  as  those  commonly 
used  for  grinding  coffee,  &o.,  it  is  pkoed  upon  the  asis  of  the  winch 
by  which  the  machine  is  worked. 

530.  Method  of  cutting  open-work  in  metal.  —  The  open-work  of 
fenders,  fii-a-grafes,  and  similar  ornamental  articles  constructed  in 
metal,  is  produced  by  the  action  of  a  fly  in  the  manner  already  de- 
scribed. 

The  cutting  tool,  shaped  according  to  the  pa.ttem  to  be  execnted, 
is  attached  to  the  end  of  the  screw,  and  the  metal  being  held  in  a 
proper  position  beneath  it,  the  fly  is  made  to  urge  the  too!  downwards 
with  such  force  as  to  stamp  out  pieces  of  the  required  figure.  When 
tho  pattern  is  complicated,  and  it  is  necessary  to  preserve  with  esact- 
ness  the  relative  situation  of  ita  different  parts,  a  number  of  punches 
are  impelled  together,  so  as  to  strike  the  entire  piece  of  metal  at  the 
same  instant,  and  in  this  manner  the  most  elaborate  open-work  is 
executed  by  a  single  stroke  of  tho  hand. 


CHAP.  vin. 

THE   PENDULUM. 

531.  Oscillation  of  a  pendulous  mass.  —  Of  the  various  mechani- 
cal contrivances  comprised  in  the  class  of  expedients  called  regulators, 
by  far  the  most  important  is  the  pendulum.  A  pendulum  consists  of 
a  heavy  mass  attached  to  a  rod,  the  upper  esti'emity  of  which  rests 
upon  a  point  of  support  in  such  a  manner  as  to  have  as  little  friction 
as  possible.  Such  an  instrument  will  remain  at  rest  when  its  centre 
of  gravity  is  in  the  vertical  line  immediately  under  the  point  of  sus- 
pension or  support.  But  if  the  centre  of  gravity  be  drawn  from  this 
position  on  either  side,  and  then  disen^ged,  the  instrument  will 
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swing  horizontally  from  tte  one  sido  to  tie  otlier  of  tlie  position  in 
whiok  it  would  remain  at  rest,  the  centre  of  gravity  describing  altei- 
natejy  a  circular  arc  on  the  one  side  or  the  other  of  its  position  of 
rest.  If  there  were  neither  inotion  nor  atmospherio  tetdstance,  thia 
motion  of  vibration  or  oscillation  on  either  side  of  the  position  of  eqnili- 
biium  would  oontanue  for  ever ;  but  in  consequence  of  the  combined 
effects  of  these  resistances,  the  distances  ta  which  the  pendulum 
swings  on  the  one  side  and  on  the  other  are  continually  diminished, 
until,  after  the  lapse  of  an  interval,  more  or  less  protracted,  it  comes 

532-  Isochronism  of  the  pendulum.  —  It  is  related  that  Galileo, 
when  a  youth,  happening  to  walk  through  the  Msles  of  a  church  in 
Pisa,  observed  a  chandelier  suspended  ftom  the  roof,  whose  position 
had  been  accidentally  disturbed,  and  which  was  oonsequentiy  in  » 
state  of  oscillatjon.  The  young  philosopher,  contemplating  the  mo- 
tion, was  sti-uck  with  the  fact,  that  although  the  ranges  of  its  vibra- 
tion were  continually  diminished  as  it  approached  a  state  of  test,  the 
times  of  the  vibration  were  sensibly  equal,  the  motion  becommg 
slower  aa  the  number  of  tie  osoillations  became  more  limited.  This 
led  Galileo  to  infer  that  property  of  the  pendulum  which  is  espressed 
by  the  word  isochronism,  in  virtue  of  which  the  vibrations,  whether 
in  longer  or  shorter  arc|,  are  performed  m  the  tame  time. 

All£ough,  however,  aa  we  shall  presently  show,  pendulums  possess 
this  property  when  the  arcs  of  vimratioa  aie  very  small,  they  do  not 
continue  to  manifest  it  when  the  range  of  ^ibution  becomes  more 


533.  Analysis  of  the  vibration  of  a  pendulum  —  To  simplify  the 
csposition  of  the  important  theory  of  the  pendulum,  it  will  be  con- 
venient, in  the  first  instance,  to  consider  it  as  composed  of  a  heavy 
mass  of  small  magnitude,  suspended  hy  a  wire  or  a  string,  the  weight 
of  which  may  be  neglected.  Thus,  let  na  suppose  a  small  hall  of 
lead  suspended  by  a  fine  silken  string,  the  length  of  which  is  in- 
comparably gi'eater  than  the  diameter  of 
the  leaden  ball.  Such  an  arrangement  is 
called  the  simple  pendulum. 

Let  s.  Jig.  165.,  be  the  point  of 
suspension;  let  SB  be  the  fine  silkca 
thread  by  which  the  ball  b  is  suspended, 
and  the  weight  of  which,  in  the  present 
case,  is  neglected.  Lei  b  be  the  position  of 
the  baU  when  in  the  vertical  under  the  point 
of  suspension  B.  In  that  position  the  ball 
^^  would  remain  at  rest ;  but  if  we  suppose  the 
a'  bait  drawn  aside  to  the  position  a,  it  will,  if 
disengaged,  fall  down  the  arc  A  E,  of  which 
the  ceuti-e  is  8,  and  the  radius  the  length  of 
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tlie  string.  Arriving  at  B,  it  will  have  acquired  a  certain  Telocity, 
which,  in  virtue  of  its  inertia,  it  will  have  a  tendencj  to  retain,  and 
with  this  velocity  it  will  commence  to  move  through  the  arc  B  A'. 
Supposing  neither  the  resistance  of  the  atmosphere  nor  friction  to 
act,  the  hall  will  rise  through  an  arc  b  a'  equal  to  ba;  but  it 
will  lose  the  velocity  which  it  had  acquired  at  b,  for  it  is  evident 
thiit  it  will  take  the  gime  space,  and  the  same  time  to  destroy, 
the  ■velocity  which  has  been  acquired,  as  to  produce  it.  Thus,  the 
velocity  at  B,  being  acquired  in  falling  through  the  arc  A  B,  will  be 
destroyed  ia  rising  through  the  equal  arc  ba'. 

Having  arrived  at  A',  the  ball,  being  brought  to  rest,  will  again 
fall  from  a'  to  B,  and  at  B  will  have  ag^u  acquired  the  same  velocity 
which  it  had  obtained  in  falling  from  A  to  B,  but  ia  the  contrary  di- 
rection ;  aud  in  the  same  raapner  it  may  be  esplained  that  this  velo- 
city will  cari'y  it  from  b  to  A.  Having  amved  at  a,  the  ball,  being 
again  brought  to  rest,  will  fall  once  more  from  a  to  b,  and  so  the 
motion  will  be  continued  alternately  between  A  and  a', 

.  The  motion  of  the  pendulum  from  A  to  A',  or  from  a'  to  A,  is  call- 
ed an  oscillaiion,  and  its  motion  between  either  of  those  points  and 
B  is  called  a  semi-oscillation,  the  motion  from  B  to  A  or  from  B  to  a' 
being  called  the  ascending  semi-oscillation,  and  the  motion  from  A  or 
a'  to  B,  the  descending  semi-oscillation. 

The  time  which  elapses  during  the  motion  of  the  ball  between  a 
and  a'  b  called  the  time  of  one  oscillaiion. 

It  is  evident,  from  what  has  been  stated,  that  the  time  of  moving 
from  either  of  the  extremities  A  a'  of  the  arc  of  oscillation  to  the 
point  B,  is  half  the  time  of  an  oscillation. 

If,  instead  of  falling  from  the  point  a,  the  ball  had  fallen  from  the 
point  c,  intermediate  between  a  and  b,  it  would  have  then  oscillated 
between  c  and  c' ;  two  points  equally  distant  from  B,  and  the  arc  of 
oscillation  would  have  been  0  o',  more  limited  than  A  a'. 

But  in  eommencing  its  motion  from  o,  the  declivity  of  the  aro 
down  which  it  falls  towards  b  would  be  evidently  less  than  the  de- 
clivity at  A ;  consequently,  the  force  which  would  accelerate  it,  com- 
mencing its  motion  at  o,  would  be  less  than  that  which  would  aeccel- 
ci-ate  it,  commencing  its  motion  at  a.  The  ball,  therefore,  commencing 
i\s  motion  at  A,  would  be  more  rapidly  accelerated  than  when  it 
commences  its  motion  at  0. 

The  result  of  this  is,  that,  although  the  aro  A  B  may  be  twice  aa 
long  aa  the  arc  c  B,  the  time  which  the  baU  takes  to  fall  from  A  to  b 
will  not  be  sensibly  diiferent  from  the  time  it  takes  to  fall  from  o  to 
B,  provided  that  the  arc  of  oscillation  A  B  a'  is  not  considerable. 

It  was  at  first  supposed,  as  we  have  just  stated,  that,  whether  the 
oscillations  were  longer  or  shorter,  the  times  would  he  absolutely  the 
same.  Accurately  speaking,  however,  this  ia  not  the  caae ;  but  if  the 
total  extent  of  the  oscillation  A  A'  do  not  exceed  5°  or  6°,  then  the 
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time  of  oscillation  in  it  may  lie  considered,  praotieally,  the  same  as 
in  the  lesser  arcs. 

534.  Experimental  verification  of  isochrotiism.  —  Tliis  important 
principle  may  be  easily  esperiraentally  verified.  Let  two  small  leaden 
balls  be  suspended  from  tbe  same  point  of  support,  but  one  being  in 
advance  of  the  other,  so  that  in  oscillating  tlie  two  balls  shall  not 
strike  each  other.  This  being  done,  let  one  of  the  balls  be  drawn 
from  its  point  of  rest  through  an  angle  less  than  3°,  and  let  it  he  dis- 
engaged. It  will  oscillate  as  described  above.  Let  the  other  ball^be 
now  drawn  from  its  point  of  rest  through  a  much  less  angle,  and  let 
it  be  so  disengaged  Uiat  it  shall  commence  its  oscillation  at  the  same 
moment  with  toe  commencement  of  one  of  the  oscillations  of  the 
other  ball. 

Let  it,  in  short,  be  so  managed,  that  when  the  one  ball  is  at  A,  the 
other  shall  he  at  c ;  and  that  both  shall  oommenoe  their  descending 
motion  towards  b  at  the  same  moment.  It  will  be  then  found  that 
their  osoillalions  will  be  synchronous  for  a  considerable  length  of 
time;  that  is  to  say,  the  halls  will  ai-rive  at  a'  and  c',  respectively, 
at.  the  same  instant;  and  returning,  will  aimultanoouslj  arrive  at  A 
and  0  respectively. 

If,  in  this  case,  the  oscillation  of  the  ball  A  were  made  through  an 
arc,  even  as  great  as  10°;  that  is  to  say,  5°  eaoh  side  of  the  vertical, 
the  oscillation  of  the  ball  o  being  made  through  an  arc  of  2°,  it 
would  be  found  that  10,001  oscillations  of  the  latter  would  be  equal 
to  10,000  oscillations  of  the  former,  so  that  the  actual  difference  be- 
tween their  times  of  oscillation  would  not  exceed  the  ten  thousandth 
part  of  such  time. 

'535.  Maintaining  power. — In  the  practical  application  of  the 
pandulmn,  however,  this  departure  from  absolute  isoehronism,  small 
as  it  is,  becomes  unimportant ;  for  a  maintaining  power  is  always 
provided,  by  which  the  loss  of  motion  which  would  be  produced  by 
friction  and  atmospheric  resistance  is  repau'ed,  and  the  magnitude  of 
the  oscillations  is  mMnfained  uniform. 

536.  Time  of  oscillation  independent  of  the  weight  of  the  pendu- 
Zmot.— It  might  be  expected  that  the  time  of  osciljatioa  of  different 
pendulums  would  depend,  more  or  less,  upon  the  weight  of  the  mat- 
ter composing  them,  and  that  a  heavy  body  would  oscillate  more 
rapidly  than  a  lighter  one.  Both  theory  and  esperience,  however, 
prove  the  result  to  be  otherwise.  The  force  of  gi'avity  whioh  causes 
the  pendulum  to  oscUIate  acts  separately  on  all  the  pai'ticles  com- 
posing its  mass;  and  if  the  mass  be  doubled,  the  effect  of  this  force 
upon  it  is  also  doubled;  and,  in  short,  in  whatever  proportion  the 
mass  of  the  pendulum  be  increased  or  diminished,  the  action  of  the 
force  of  gravity  upon  it  will  be  increased  or  diminished  in  exactly  the 
same  proportion,  and  consequently  the  velocity  imparted  by  gravity 
to  the  pendulous  mass  at  each  instant  will  be  the  same. 
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It  is  easy  to  verify  this  by  csperiment.  Let  different  balls  of 
small  magnitude,  of  metal,  ivory,  aod  other  materials,  be  suspended 
by  light  silken  strings  of  tlie  same  length,  and  made  to  oscillate; 
their  oscillations  will  be  found  to  be  equal. 

537.  How  the  time  of  oscillation  is  affected  by  the  length. — If 
pendulams  of  different  lengths 
have  similar  arcs  of  oscilla- 
tion, the  times  of  oscillation 
of  tbose  which  are  shorter 
will  be  less  than  the  times  of 
oscillation  of  those  which  are 
longer.  Let  a,  i,  c,  d,  and  e, 
fig.  156,  be  five  small  leaden 
balls,  suspended  by  light  silken 
stnngs  to  the  point  of  sus- 
pension 8,  and  let  all  of  those 
be  suj  posed  to  foim  pendu- 
lum"-, ha\m^  the  ame  angle 
of  uSLill  ition  Ihe  are  of 
O'Miillation  ot  tho  bull  a  will 
be  a  a  ,  that  of  b  will  be  b 
b  ,  that  ot  c,  ec  ",  and  so 
Lg  to  fall 


Fig.  156. 


from  the  points  «,  b,  c,  d,  e,  towiid'5  thp  vertical  line,  these  five  balls 
arc  equally  accelerated  by  the  said  fell,  inasmuch  as  the  circular  arcs 
down  which  they  fall  are  all  equally  inclined  at  this  point  to  the  ver- 
tical line,  The  same  will  be  true  if  we  take  them  at  any  correspond- 
ing points,  snch  as  a',  V,  c',  d',  e'.  It  may  therefore  be  concluded, 
that  throQgliout  the  entire  range  of  (scillation  of  each  of  these  five 
pendulums,  they  wiU  be  impelled  by  equal  accelerating  forces. 

Now  it  has  been  shown  that  when  bodies  are  impelled  by  the  same 
or  equal  accelerating  forces,  the  spaces  through  which  they  move  are 
proportional  to  tie  squares  of  the  times  of  their  motion ;  therefore  it 
follows,  that  tbe  lengths  of  these  arcs  of  oscillation  are  proportional 
to  the  squares  of  tke  times.  But  the  lengths  of  these  arcs  are  evi- 
dently in  the  same  proportion  as  the  lengths  of  the  pendulums;  that 
is  to  say,  the  arc  a  a""  is  to  6  6""  as  b  a  is  to  s  5,  and  the  aic  b  b"" 
is  to  cc""  as  8  5  is  to  s  c,  and  so  on. 

It  follows,  therefore,  that  the  squares  of  the  times  of  oscillation  of 
pendulums  are  as  their  lengths,  or,  what  is  the  same,  the  times  of 
oscillation  are  as  the  square  roots  of  their  lengths.  This  principle  is 
easily  verified  experimentally. 

638,  Experimental  illustration. — Let  three  small  leaden  balls 

be  suspended  vertically  under  each  other  by  means  of  loops  of  silken 

threads,  as  represented  in  fig.  157,  and  in  such  a  manner  that  they 

can  all  osoillale  in  the  same  plane  at  right  angles  to  the  plane  of  the 
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[  diagram,  tLe  suspending  loops  not  interfering 
"  with  each  other. 

Let  the  looj»  he  ao  adju3(fld  that  the  distaneo 
of  the  hall  1  below  the  line  M  n  siiaJl  he  1  foot, 
the  distance  of  the  ball  4,  4  featj  and  the  dis- 
tance of  the  ball  9,  9  feet. 

Let  the  ball  9  be  put  in  a  state  of  osoillatioa 
through  small  arcs,  and  let  the  ball  4  he  then 
drawn  from  its  vertical  poafion,  and  disengaged 
so  aato  commence  one  of  its  cacillations  witii  an 
oscillation  of  the  ball  9 ;  and  in  the  same  man- 
ner let  the  hall  1  be  started  dmnltimooasly  with 
one  of  the  oscillations  of  the  ball  9. 
'  It  will  he  fouad  that  two  oscillations  of  the 

1<  ig.  157.  one-foot  pendulum  are  made  in  exactly  the  same 

time  as  a  single  oscillation  of  the  four-foot  pendulum;  consequently, 
the  time  of  each  oscillation  of  the  latter  will  be  double  that  of  the 
former,  while  its  length  is  fourfold  that  of  the  former. 

In  the  same  manner,  while  the  one-foot  pendulum  makes  three  os- 
callations,  tte  nine-foot  pendulum  will  make  one;  and,  consequently, 
tbe  time  of  oscillation  of  the  latter  will  be  three  times  that  of  the 
former,  while  its  length  is  nine  times  that  of  the  former. 

539.  The  time  of  vibration  heing  given,  to  find  tin  hngth  of  tJte 
pendwlum,  and  vice  versd.  By  this  principle,  tlie  length  of  a  pen- 
dulum which  would  oscillate  in  any  proposed  time,  or  me  time  of  os- 
cillation of  a  pendulum  of  any  proposed  length,  can  be  ascertained, 
provided  we  know  the  lengtli  of  a  pendulum  which  oscillates  in  any 
^ven  time.  Thus,  suppose  l  to  he  the  length  of  a  pendulum  which 
oscillates  in  the  time  t.  Let  it  be  required  to  determine  the  length 
of  a  pendulum  i',  which  would  oscillate  in  any  other  time  t'.  We 
shall  have  the  following  proportions : 

L  :  I.'  : :  •E' :  I'K 

From  this  proportion,  if  l  and  t  bo  both  ^ven,  we  can  find  the 
time  t'  of  oseillalion  of  the  other  pendulum  if  j,'  be  given;  or  we 
can  fiod  the  length  l'  if  t'  be  given. 

In  the  fii'st  oiwe  we  have 


in  the  second  we  have 


540.   Time  of  oseillalion  varies  with  flie  altraclion  of  graoity.— 

Jince  the  foi-eo  which  produces  the  osojllaflon  of  a  pendulum  is  the 
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acoeleraticg  force  of  gravity  urging  the  penduloua  lioi^y  altcraately 
from  the  estremitiea  of  tlie  arc  of  oscillation  to  th^middle  point  of 
tliat  arc,  it  ia  evident  that  if  this  force  were  increased  in  its  intensity, 
the  velocity  with  which  the  peadulous  hody  would  he  precipitated  to 
ite  lowest  position  would  be  increased,  and  conaequently  the  time  of 
oscillation  diminished ;  and  if,  on  the  other  hand,  the  impelling  force 
of  gravity  were  diminished,  the  force  urging  the  pendulous  body  being 
enfisebled,  it  would  be  moved  with  a  diminished  velocity,  and,  conse- 
quently, the  time  of  oscillation  would  be  increased. 

It  follows,  therefore,  that  the  same  pendulum  will  oscillate  more 
slowly  or  more  rapidly,  according  as  the  force  of  gravity  which  acts 
upon  it  is  diminished  or  increased. 

541.  Xtwo  of  this  variation.  —  But  it  is  not  enongh  to  state  that 
a  variation  in  the, force  of  gravity  will  change  the  time  of  oscillation 
of  the  pendulom. '  It  is  required  to  ascertain  in  what  proportion  it 
will  produce  this  change ;  that  is  to  say,  if  the  force  of  gravity  acting 
on  the  pendulum  be  au^monted  in  aaj  given  ratio,  in  what  corres- 
ponding i-atio  will  the  tune  of  oscillation  of  such  pendulum  be  di- 
minished. 

It  is  proved  in  the  theory  of  accelerating  forces,  that  under  such 
taronmstances,  the  squares  of  the  times  of  oscillation  will  vary  in  the 
inverse  proportion  of  the  force ;  that  is  to  say,  in  whatever  ratio  the 
force  of  gravity  he  augmented,  the  squares  of  the  times  of  oscillation 
of  the  pendulums  will  be  diminished  in  the  same  ratio. 

542.  The  pendulum  indicates  ike  variation  of  gravity  in  different 
latitudes.  — But  as  the  squares  of  the  times  of  oscillation  are  pro- 
portional to  the  lengths  of  the  pendulums,  it  follows  from  this,  that 
the  lengths  of  the  pendulums  which  oscillate  in  the  same  time  under 
the  influence  of  different  accelerating  forces,  will  be  proportional  to 
these  forces ;  and  that,  consequently,  if  in  any  two  places  it  he  found 
that  the  pendulums  which  oscillate  in  the  same  time  hang  difiereut 
lengths,  it  must  he  inferred  that  the  foi-ees  of  gravity  in  these  two 
places  are  in  the  exact  proportion  of  these  lengths. 

It  is  in  virtue  of  this  principle  that  the  pendulum  supplies  means 
of  determining  the  variation  of  the  forces  of  gravity  upon  different 
parts  of  the  earth's  sur&ce. 

543.  Analysis  of  the  motion  of  a  pendulous  mass  of  definite  mag- 
nitude. —  We  have  hitherto  supposed  that  the  pendulous  body  is  a 
heavy  mass  of  indefinitely  small  m^nitude,  suspended  by  a  wire  or 
string  having  no  weight.  These  are  conditions  which  cannot  be  ful- 
filled in  practice.  Every  real  pendulous  body  has  a  deftoite  magni- 
tude, its  component  parts  being  at  different  distances  from  the  point 
of  suspension ;  the  rod  which  sustains  it  is  of  considerable  wSght, 
and  all  the  points  of  this  rod,  as  well  as  those  of  the  pendulous  mass 
itself,  are  at  different  distances  from  the  point  of  suspension.    In  es- 
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tiraalJDg,  therefore,  tJie  effect  of  pendulums,  it  ia  aeeeaaary  to  tate 
into  account  this  circumatanoe. 

Let  ua  suppose  a,  i,  c,  d,  e,  fig,  fig- 158.,  to  be  aa  many  amall  heavy 
balls  connected  by  independent  strings,  the  weight  of  which  may  he 
neglected,  with  a  point  of  suspension  s,  and  let  these  seven  hails  be 
supposed  to  vibrate  between  the  positions  9  m  aud  8  m'.  Sow  if  theso 
balb  were  totally  independent  of  each  other,  and  connected  with  the 
point  of  smpension  by  independent  strings,  they  would  all  vibrate  in 
different  times,  those  which  are  nearer  the  point  s  vibrating  more 
rapidly  than  those  which  are  more  distant  from  it.  If,  therefore, 
they  be  all  disengaged  at  tho  same  moment  from  the  line  S  m,  thoso 
which  are  nearest  to  s  will  get  the  start  of  those  which  are  more  dis- 
tant, and  at  any  intermediate  position  between  the  extremes  of  their 


Fig.  158. 


vibration  they  mil  assume  the  positions  a',  V,  c',  d',  e',f,g'.  That 
which  is  nearest  to  the  point  S,  and  which  is  the  shortest  pendulum, 
will  be  foremost,  since  it  has  iJie  most  rapid  vibration.  The  next  in 
length,  h',  will  follow  it,  and  so  on ;  the  most  remote  from  s  being 
the  longest  pendulum,  g'  being  the  last  in  order. 
Now  if,  instead  of  supposing  these  seven  balls  to  be  suspended  by 
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independent  strings,  we  imagine  ttem  to  he  fixed  apon  the  same  wire, 
so  as  to  be  rendered  incapable  o£  baying  any  independent  motion,  and 
compelled  to  keep  in  the  Bame  Btraigbt  line,  then  it  is  evident,  that 
while  the  whole  series  vibrates  with  a  common  motion,  those  which  are 
nearest  to  the  point  of  suspension  will  haye  a  tendency  to  accelerate 
the  motion  of  those  whieh  are  more  distant,  while  those  which  are 
more  distant  will  have  a  tendency  to  retard  the  motion  of  those  which 
are  nearer. 

These  effects  will  produce  a  mutual  compensation.;  h  and  c  will 
vibrate  slower  than  they  would  if  they  were  moving  freely,  while  e 
and  /  will  evidently  move  more  rapidly  than  if  thoy  were  moving 
freely.  Among  the  series,  there  will  be  found  a  certain  point,  which 
will  separate  those  which  are  moving  slower  than  their  natural  rate,, 
from  those  which  are  moving  faster  than  their  natural  rate;  and  a 
ball  placed  at  this  point  would  vibrate  exactly  as  it  would  do  if  no 
other  balls  were  placed  either  above  or  below  it.  Such  a  ball  would, 
w  it  were,  be  the  centre  which  would  divide  those  which  are  accele- 
rated from  those  which  are  retarded. 

544,  Centre  of  oscillation.  —  Such  a  point  has,  therefore,  been 
denominated  the  centre  of  oscillation.  ■ 

It  is  evident,  therefore,  that  a  pendulous  mass,  of  m^nitude  more 
or  less  considerable,  will  vibrate  in  the  same  time  as  it  would  do  if 
the  entire  mass  were  concentrated  at  its  centre  of  oscillation,  and 
formed  there  a  material  point  of  insensible  magnitude. 

By  the  length  of  a  pendulum,  no  matter  what  be  its  form,  there- 
fore, is  always  to  be  understood  the  distance  of  its  centre  of  oscilla- 
tion from  its  point  of  suspension, 

545.  Centres  of  oscillation  and  suspension  intercliangealle.  — 
The  centre  of  oseillalion  has  the  following  remarkable  and  important 
quality,  which  is  established  by  the  higher  mathematics,  and  verified 
by  esperimeat. 

If  a  pendulum  be  inverted  and  suspended  by  ita  centre  of  oscillar 
lion,  its  former  point  of  suspension  will  become  its  new  centre  of 
oscillation,  and  the  time  of  vibration  will  remain  the  same  as  before. 
This  property  is  usually  espressecl  by  stating  that  the  "  centres  of 
suspension  and  oseillalion  are  interchangeable." 

This  property  can  be  verified  by  experiment.  If  the  centre  of 
oscillation  of  any  pendulous  body  be  ascertained  by  mathematical 
calculation,  and  Uiat  it  be  taken  as  a  point  of  suspension,  it  will  be 
found  that  the  time  of  oseillalion  of  the  pendulum  wUl  be  the  same 
as  it  was  with  the  first  point  of  suspension. 

Since  the  length  of  a  pendulum,  and,  therefore,  the  time  of  its 
oscillation  in  a  given  place  and  snfeject  to  a  ^ven  intendty  of  the 
force  of  gravity,  depends  upon  the  distance  between  its  point  of  sus- 
pension and  its  centre  of  oscillation,  it  is  evident  that  any  variation 
which  may  take  place  in  this  distance  will  cause  a  corresponding 
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change  in  the  time  of  csoillalion ;  and  if  the  pendulum  he  applied  to 
a  oLrocometer,  it  will  cause  a  variafJon  in  the  rate  of  that  instrument, 
and  a  corresponding  error  in  its  indications. 

546.  Variations  of  a  pendulum  consequent  on  change  of  temper- 
ature. —  Now,  it  ia  found  in  practice,  that  all  pendulums  are  subject 
to  o  change,  more  or  less,  in  their  form  and  magnitudej  in  conse- 
quence of  the  change  of  temperature  of  the  atmosphere  to  which 
they  are  exposed.  Witt  this  change  they  espand  and  contract,  and 
with  every  expansion  and  contraction  the  distance  between  tieir  cen- 
tres of  oscillation  and  anspension  will  be  yaried,  unless  expedients  be 
adopted  to  counteract  such  an  effect.  Althoagh  the  variationa  pro- 
duced by  these  causes  are  not  sufB.ciently  great  to  render  it  necessary 
to  provide  a  correction  for  them  in  common  time-pieces,  yet,  ia  cases 
where  extreme  accuracy  is  required,  expedients  have  been  adopted  to 
prevent  the  consequent  error. 

547.  Compensation  pendulums. — These  expedients  are  called 
compensation  pendulums. 

The  principle  upon  which  all  these  depend  is  the  combination  of 
two  substances  in  the  structure  of  tie  pendulum,  which  expand  in 
unequal  degrees  for  the  same  change  of  temperature;  and  they  are  so 
arranged,  that  while  the  expansion  of  the  one  increases  tie  distance 
of  the  centre  of  oscillation  from  the  point  of  suspension,  the  expan- 
sion of  the  other  has  the  contrary  effect,  and  fie  dimensions  of  these 
two  substances  are  so  adjusted  that  the  increase  of  distance  prodnced 
by  the  one  shall  be  exactly  equal  t-o  the  diminution  of  distance  pro- 
duced by  the  other,  so  that  the  result  is  that  the  centre  of  oscillation 
remains  at  the  same  distance  from  the  point  of  suspenaon,  and  there- 
fore the  time  of  oscillation  of  the  pendulum  remains  unaJtered, 

548.  PeTidulum  a  measure  of  time.  —  The  first,  the  most  impor- 
tant, and  the  most  universal  use  of  the  pendulum,  is  as  a  measure  of 
time.  The  uniformity  of  the  rate  of  its  vibration  is  the  pi-operty 
which  renders  it  so  eminently  qualified  for  this  purpose. 

A  pendulum  vibrating  alone,  independently  of  any  mechanism, 
would  measure  the  time  which  elapses  during  its  motion.  It  would 
be  only  necessary  for  an  observer  to  sit  by  it  and  count  the'number 
of  its  oscillations.  If  the  time  of  one  oscillation  were  previously 
known,  then  the  number  of  oscillations  performed  in  any  interval 
would  at  once  give  the  length  of  such  interval. 

But,  in  order  to  supersede  the  attention  and  vigilance  of  such  aa 
observer,  a  train  of  wheel-work  is  placed  in  connexion  with  the  pen- 
dulum, the  movement  of  which,  it  regulates ;  and  in  connexion  with 
this  train  of  wheel-work  are  fixed  the  dial-plate  and  the  hands  of  the 
clock,  by  which  the  number  of  oscillations  of  the  pendulum  which  take 
placo  in  a  day,  or  in  any  part  of  a  day,  ai-e  indicated  and  re^stered. 

549.  Pendulum  a  measwe  of  the  force  of  gravity. — When  the 

same  pendulum  is  transported  to  different  parts  of  the  earth's  surface, 
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it  f  nd  that  th  f  f  ts  Tibration  vanes,  and  this  variation  is 
pr      1  to  t  k    pi  n  aftei  piccautions  have  heen  taken  to  keep 

th       ntre      f        11  nd  suppension  at  the  "^ame  distance  from 

ea  h  th  N  w  tl  ha  ge  in  the  rate  of  vihiation  nndei  -luch  cir- 
cum  tan  n    nly  b     xj  1  ined  by  a  change  in  the  intensitj  ot  the 

force  of  gravity  by  which  the  pendnhm  ia  moved.  It  is  found,  that 
when  the  pendulum  is  carried  towards  the  terrestrial  equator,  the  time 
of  its  vibrations  is  longer ;  and  that  when  it  is  carried  towards  the 
pole,  the  time  of  its  vibrations  is  shorter ;  the  inference  deduced  from 
which  is,  that  the  force  of  gravity  diminishes  as  wo  approach  the 
equator,  and  iucroasos  as  we  approach  fie  pole. 

If  the  earlh  had  the  form  of  an  esact  sphere,  did  not  revolve  on 
its  axif,  and  was  of  uniform  density,  the  force  of  gravity  at  all  parts 
of  ita  surface  would  be  the  same,  and  no  such  variation  in  the  rate 
of  a  pendulum  could  take  place  when  transported  from  one  point  of 
the  surface  of  the  earth  to  another.  But  if  the  earth  be  an  exact 
sphere,  revolving  upon  its  own  axis  in  23h.  66  mio.,  then  the  effect 
of  such  motion  of  rotation  would  be  to  produce  a  certain  small  dimi- 
nution of  the  intensity  of  the  force  of  gravity  in  approaching  the 
equator,  and  an  increase  in  such  intensity  in  approaching  the  pole 
The  amount  of  such  diminution  or  increase  produced  by  such  rotation 
is  capable  of  calculation,  and,  being  computed  and  compared  with 
such  change  of  intensity  of  the  force  of  gravity  indicated  by  the 
variations  of  a  pendulum,  is  found  not  to  correspond  exactly  with  it. 
This  absence  of  oonsplefe  correspondence  indicates  another  cause 
affecting  the  force  of  gravity  besides  the  rotation  of  the  eweth. 

If  the  earth  bo  not  an  exact  sphere,  but  have  a  form  of  which  a. 
turnip  and  an  orange  are  exaggerated  representations,  called  in  geo- 
metry an  oblate  spheroid,  such  a  form,  combined  with  the  rotation  of 
the  earth,  would  produce  a  further  effect  in  varying  the  force  of 
gravity  in  proceeding  towards  the  equator  or  towards  the  pole.  Now 
it  is  found  by  calculation,  that  a  certiain  degree  of  this  form,  com- 
bined with  the  diurnal  rotation  of  the  earth,  would  produce  exactly 
that  variation  in  the  force  of  gravity  going  towards  the  equator  and 
going  towards  the  pole,  which  is  indicated  by  the  variation  in  the  time 
of  vibration  of  the  same  pendulum. 

5.50.  Pendulum  indicates  the  form  and  diurnal  rotation  of  tlie 
earth.  — Hence  it  appears  that  the  pendulum  becomes  an  instrument 
by  which  not  only  the  doctrine  of  the  diurnal  rotation  of  the  earth 
is  verified  and  corroborated,  but  by  which  the  departure  of  the  earth 
from  an  exact  globular  form  is  also  established. 

^rom  what  has  been  stated,  it  will  appear  that  the  length  of  a  pen- 
dulum which  vibrates  seconds  in  different  parts  of  the  earth  will  be 
different ;  the  force  of  gravity  in  lower  latitudes  being  less  than  ia 
higher,  the  length  of  the  pendulum  which  vibrates  seconds  will  be 
proportionally  less. 
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551.  Pendulum  measures  the  velocity  of  falling  hodies.  —  As  the 
pendulum  thus  supplies  a  measure  of  the  jnteusity  of  tlie  force  of 
gravity,  it  necessarily  also  affords  the  means  of  calculating  tlie  height 
from  ■which  a  hody  feilling  freely  would  descend  in  a,  second  if  it 
moved  in  a  vacuum. 

The  meikod  of  determining  this  hy  the  pendulum  is  susceptible 
of  much  greater  accuracy  than  that  which  has  heon  abeady  indicated 
by  Attwood's  machine. 

To  find  the  space  through  ■which  a  hody  will  fall  at  any  place  in  a 
second  of  time,  let  the  length  of  a  pendulum  which  vibrates  seconds 
in  that  place,  expressed  in  inches,  be  multiplied  by  4*9347,  and  tho 
product  ■will  express  in  inches  the  height  through  whioh  a  body 
would  fall  in  a  second  in  that  place  independently  of  the  rosistance 
of  the  air. 

552.  Table  shtmiing  the  lengths  of  a  seconds  pendulum,  and  iJte 
fores  of  grewity  in  different  latitudes. — In  the  following  tablo  is 
given  the  length  of  the  pendulum  vibrating  seconds,  and  the  heights 
through  which,  a  body  would  fall  in  a  vacuum  in  a  second  at  the 
places  severally  named  in  the  first  column.  In  the  second  column  is 
given  the  latitudes  of  the  places  of  observation.  In  the  third  column 
is  given  the  lengths  of  the  pendulum  as  determined  by  the  observers 
tlicraselves  respectively,  and  expressed  in  the  measures  which  they 
adopted;  which,  as  it  will  appear,  differed  according  to  the  different 
epochs  of  the  experiments,  and  the  different  countries  whose  mea- 
sures the  observers  used.  Thus  Borda  expressed  the  length  of  the 
pendulum  in  lines,  twelve  of  which  composed  an  old  French  inch. 
The  observations  of  Biot  and  hia  associates  were  made  according 
to  the  system  of  measures  of  time  and  length  adopted  after  the 
French  Kevolution;  the  lengths  are  accordingly  expressed  in  milli- 
metres, and  the  seconds  measured  by  the  pendulum  were  centesimal 
seconds,  corresponding  to  the  decimal  division  of  the  quadrant.  The 
lengths  of  the  pendulums  given  by  Kater  and  Sabine  are  in  English 

The  lengths  of  the  pendulums  given  by  Freycinet  and  Buperry, 
have  for  their  unit  the  length  of  a  pendulum  bea&g  seconds  at  Paris. 
In  tho  fourth  column  of  the  table  is  given  the  height  of  the  stations 
at  which  the  observations  are  respectively  made  above  the  level  of 
the  sea. 

Since  these  heights  produce  an  effect,  more  or  less,  on  tho  intensity 
ff  gravity,  it  is  necessary,  in  order  to  compare  the  observitions  one 
with  anothei,  to  leduce  them  ill  to  the  level  of  the  sea  at  their  re- 
spective places  This  13  accordingly  done  in  the  fifth  column,  in 
wlich  the  length  of  pendulums  mdi  ttin^  fatcnnds  at  the  level  of 
the.  sei,  m  the  si,ieral  plices  of  ob-s-ivition,  aiL  given  jn  En^Ii'ih 
inilies 
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But  as  the  force  of  gravity  is  more  directly  expressed  by  tie 
height  through  which  a  body  would  iail  freely  in  a  vacuum  in  a 
seoond,  these  heights  are  given  in  the  azth  column  of  the  tahle,  the 
names  of  the  observers  being  inserted  in  the  last  column.  The  num- 
bers in  the  thhd  and  fourth  eolumn  of  the  table  correspond  with 
those  given  by  Pouillet  in  his  "  Siemens  de  Physic|ue." 

Table  oe  OiiSERVATiOKs  on  the  Lengths  or  the  Pendelum 

IN  DIFEEflENT   LATITUDES. 
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553.  Forces  which  destroi/  iut  cannot  produce  motion.  —  A  phy- 
fflcal  agent  capable  of  imparting  motion  to  a  quiescent  body  is  called 
a  force.  It  is  evideiit  tliat  such,  an  agent  would  also  be  capable  of 
increasing  the  velocity  of  a  body  already  in  motion  if  it  were  applied 
in  the  direction  of  the  motion,  or  diminishing  the  velocity,  or  even 
altogether  destroying  the  motion  and  bringing  the  body  to  rest  if  it 
■were  applied  in  an  opposite  direction. 

,  This  principle  is  not,  however,  convertible:  although  it  follows 
that  an  agent  capable  of  imparting  motion  is  also  capable  of  dimin- 
ishing or  destroying  it,  it  does  not  follow  tbat  an  agent  capable  of 
diminishing  or  destroying  motion  is  alao  capable  of  imparting  or  in- 
creasing it. 

The  class  of  forces  to  which  we  now  refer  are  capable  of  diminish- 
ing the  velocity  of  a  body  in  motion,  and  of  bringing  it  to  rest,  but 
they  are  incapable  of  imparting  motion  to  a  body  at  rest,  or  of  aug- 
menting any  motion  it  may  have.  The  former  class  of  forces,  which 
are  capable  of  producing  or  increasing  motion,  may  be  described  for 
distinotioa  active  forces,  and  the  laMidi  passive  forces. 

The  force  of  gravity,  for  example,  comes  under  the  former  class. 
A  body  freely  suspended,  being  disengaged  and  submitted  to  tbe 
aotion  of  gravity,  is  put  in  motion,  and  its  motion  is  continually  ac- 
celerated as  it  moves  downwards,  until  it  encounters  some  obstacle 
which  brings  it  to  rest. 

If  the  same  body  be  projected  upwards  with  the  velocity  with 
which  it  strikes  the  ground,  the  force  of  gravity  will  then  gradually 
diminish  its  motion  until  it  rises  to  the  height  from  which  it  fell, 
where  its  motion  will  altogether  be  destroyed. 

554,  Resisting  forces.  —  Of  the  passive  or  resisting  forces,  the 
most  important  are  friction  and  the  resistance  of  fiuid  media,  such  as 
air  or  water. 

All  bodira  moving  at  or  near  tbe  surface  of  the  earth  are  subject 
to  some,  or  all,  of  those  forces,  and,  consequently,  all  terrestiial  mo- 
tions whatever  are  liable  to  constant  retardation;  and,  to  be  mMH- 
tained,  require  the  constant  agency  of  some  impelling  force  to  repair 
the  loss  produced  by  the  resisting  forces  to  which  tliey  are  exposed. 

The  smallest  attention  to  the  pheuomena  which  form  the  subject 
of  meohanieal  inquiries,  will  render  manifest  the  great  importance  of 
investigating  and  comprehending  tbe  effects  of  resisting  forces. 

In  the  preceding  part  of  this  volume,  the  construction  and  proper- 
ties of  machinery  have  been  explained,  on  the  supposition  that  the 
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moving  force  of  the  power  is  tran'-mitted  to  the  vorking  pniut  ivitli 
undiminished  effect.  In  order  to  disi,mlDwrt9s  the  questions  of  their 
complesity,  and  present  them  in  the  moat  sunple  and  antelligibie 
form,  maoMnes  have  been  considered  as  absolutely  free  from  tie 
effects  of  all  resisting  forces;  surfaces  moTmg  m  oonfict  have  been 
considered  to  he  perfectly  free  from  friction ,  axles  were  regarded  as 
mathematical  lines ;  pivots  as  mathematical  pomts ;  ropes  as  perfectly 
flexible  j  and,  in  a  word,  the  effect  of  the  moving  power  has  been 
considered  as  absolutely  undiminished  by  any  resistance  whateverj  in 
its  transmission  throtigli  the  maohinety  to  the  working  point. 

It  is  scarcely  needful  to  observe,  that  none  of  these  suppositions 
are  perfectly  true.  The  surfaces  of  the  machinery  which  move  in 
contact  are  never  perfectly  smooth;  asles  have  always  definite  thick- 
ness, and  move  in  sockets  never  perfectly  polished;  ropes  have  con- 
51  leiable  ngidity,  and  this  rigidity  is  nece'ianly  greiter  in  proportion 
to  their  strength  Much  has  been  accomplished,  it  is  true,  by  a 
\  uiety  of  expedients,  to  diraiui&h  thc^  resistances,  highly  polished 
suitaces  and  effective  lubricants  have  been  applied,  to  obtain  addi- 
tional smoothness,  but,  still,  the  suificea  in  contact  continne  to  he 
studded  with  small  asperities,  which,  coming  constantly  in  opposition 
ti  cwh  other  m  their  motion,  produce  considerable  resistance,  and 
robbing  the  moving  power  of  a  great  part  of  its  efficacy,  transmit  it 
with  proportionally  diminished  intensity  to  the  workmg  point. 

To  estimate  therefore,  correctly,  the  practical  effects  of  any  ma- 
chinery, it  is  essential  that  we  should  calculate  the  effect  of  this  re- 
sistance, and  subduct  it  from  that  effect  of  the  power  which  has  been 
computed  on  the  theoretical  principles  established  in  the  preceding 
chapters;  the  overpins  of  effect  after  this  deduction  is  ail  that  part 
of  the  power  which  can  be  regarded  as  practically  available. 

555.  Effects  of  friction.  —  The  effect  of  friction  on  a  power  sup- 
porting a  weight  or  resistance  at  rest  is  different  from  its  effect  when 
the  weight  or  resistance  is  moved.  In  the  one  case,  friction  assists ; 
in  the  other,  it  opposes  the  power. 

Let  us  suppose,  for  example,  a  power  V  supporting  a  weight  w,  by 
means  of  a  single  moveable  pulley.  From  what  has  been  already 
proved  (469,)  it  is  evident,  that  if  the  power  p  be  half  the  weight 
of  w,  they  would  be  in  equilibrium,  and  the  power  would  keep  the 
weight  at  rest,  if  ths  pulley  were  subject  to  no  friction;  aod  ia  that 
case,  the  slightest  diminution  of  the  power  would  cause  the  weight  to 
descend,  and  draw  the  power  upwards.  But  if  the  pulley  be  subject, 
as  it  always  is  in  practice,  to  friction,  then  a  small  diminution  of  the 
power  will  be  resisted  by  this  friction,  and  the  weight  will  not  descend 
and  overcome  the  power,  until  the  diminution  of  the  power  shall  be- 
come so  great  as  to  enable  the  weight  to  overcome  the  friction. 

556.  Friction  aids  the  power  in  supporting  a  weight,  hut  imposes 
(Ik.  power  tn  mrem^  U.  —  It  follows,  therefore,  that  when  a  pulley, 
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or  any  other  machino,  is  subject  to  fnction,  a  less  power  is  sufficient 
to  support  a  weight  at  rest,  than  would  he  necessary  if  there  were  ao 
friction ;  and  the  greater  the  ftiction  is,  the  lesa  will  he  the  power 
necessary  to  support  the  weight,  It  is  in  this  sense  that  friction  is 
said  to  aid  the  power,  when  the  weight  or  resistance  is  suppoiied  at 
rest.  But  if  the  power'  he  required,  not  merely  to  support  the  weight, 
but  to  raise  it,  then  we  shall  find  that  the  friction,  instead  of  aiding, 
opposes  the  power. 

~v  Let  us  suppose,  for  example,  the  power  P  acting  on  the  weight, 
through  the  intervention  of  a  single  mgyeable  pulley,  the  power  being 
half  the  weight.  In  the  alsenee  of  friction,  the  slightest  addition  to 
the  power  would  cause  it  to  descend,  and  to  raise  the  weight;  hut 
when  the  machine  is  subject  to  friction,  theu  the  power  will  uot  de- 
scend, until  it  shaU  receive  such  an  addition  as  will  be  sufficient  to 
ovoreome  the  friction. 

557.  Hov>  this  modifies  the  conditions  of  equUihrium.  —  This  eir- 
cumsfaaoe  modifies  materially  the  conditions  of  equilibrium.  Eepre- 
senting  by  P  that  amount  of  the  power  applied  to  any  niacbinery 
whatever  which  would  keep  the  weight  w  ia  equilibrium  in  the  ab- 
sence of  friotion,  let/"  express  the  addition  which  must  be  made  to  p 
in  order  to  enable  it  to  overcome  the  friction  and  put  the  wei^t  in 
motion;  then /will  also  express  the  amoucl  by  which  the  power 
must  be  diminished,  in  order  to  enable  the  weight  to  prevail  over  it 
and  to  descend.  It  is  evident,  therefore,  that  any  power  which  is  less 
than  V  +f,  and  greater  than  P — f,  would  keep  the  weight  in  cqui- 
libi'ium  and  at  rest. 

558.  Cases  in  vihich  friction  is  the  whole  power.  —  It  may  there- 
fore be  inferred,  generally,  that  when  a  machine  of  any  kind  b  used 
simply  to  sustain  a  weight  or  to  balance  a  resistance,  the  friction,  act- 
ing in  common  with  the  power,  becomes  a  mechanical  advantage. 

In  many  instances,  this  resisting  force  constitutes  the  entire  effi- 
ciency of  the  instrument.  Thus,  when  screws,  uaila,  or  pegs  are  used 
to  bind  together  the  patts  of  any  structure,  their  friction  with  the 
surfiioe  wil£  which  they  are  in  contact  prevents  their  recoil,  and  ^ves 
them  their  entire  binding  power.  In  the  ordinary  use  of  the  wedge 
itself,  we  have  another  striking  example  of  the  meohaniiJal  advantage 
of  friction.  When  the  wedge  is  used  for  any  purpose,  aa,  for  ex- 
ample, to  spHt  timber,  it  is  urged  forward  by  percussion,  the  action 
of  the  moving  power  being  only  instantaneous,  and  being  totally  sus- 


But  for  the  reasting  force  of  the  ftiction  which  takes  place  between 
the  surface  of  the  wedge  and  the  surface  of  the  timber,  the  wedge 
would  react  after  each  blow,  and  render  abortive  the  action  of  the 
moring  power.  The:  friotion,  therefore,  in  this  case,  plays  the  part 
of  a  ratchet-wheel,,  preventing  the  reaction  of  the  wedge,  and  making 
good  the  action  of  the  power. 
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559.  Great  use  ofjriction  in  the  economy  of  nature  and  art.  — 
Notmtbstanding  the  disadvantoges  which  attend  the  presence  of  fric- 
tion in  machines,  it  is  an  agent  eminently  useful  in  giving  stability 
to  stnicturea,  and  in  giving  efficiency  to  the  movementa  of  almost  all 
bodies,  natural  and  artificial.  Wittout  fricfion,  most  structures, 
natural  and  aitifi^aal,  would  fall  to  pieces.  The  stones  and  bricks  used 
in  building  owe  to  the  mutual  friction  of  their  surfaces  a  great  part 
of  their  solidity.  Manual  exertion  would  become  impractioable,  if 
no  fWction  existed  between  the  limbs  and  the  objects  upon  which  they 
act.  The  friction  between  the  foot  and  the  ground  gives  a  puiohase 
to  the  ronscukr  force,  so  as  to  enable  it  to  produce  progressive  motion. 
Without  friction,  every  effort  of  the  foot  to  propel  the  body  forward 
would  be  attended  wifli  a  backward  action,  so  that  no  progresMve 
motion  would  ensue.  The  difficulty  of  moving  upon  ice,  or  upon 
ground  covered  with  greasy  or  unctuous  matter,  Ulustrates  thk.  With- 
out inctioa  we  could  not  hold  any  body  in  the  hand.  The  difficulty 
of  holding  a  lump  of  ice  is  an  example  of  this.  Without  friction,  a 
locomotive  engine  could  not  propel  its  load,  for  if  the  nul  and  the 
tire  of  the  driving-wheels  were  both  absolutely  smooth,  one  would 
slip  upon  the  other,  without  affording  the  necessary  purchase  to  the 
steam  power, 

560.  Friction  of  sliding  atid  rollitig.  —  Friction  is  manifested  in 
different  ways,  according  to  the  kind  of  motion  which  one  surface  has 
upon  the  other. 

When  one  surface  slides  upon  the  other  in  the  manner  of  a  sledge, 
the  friction  is  called  sliding  or  rubbing  friction. 

When  one  body  tolls  upon  another,  so  that  different  points  of  such 
bodies  come  into  successive  contact  with  each  otter,  it  is  called  rolling 
friction. 

561.  Latos  of  friction  empirical,  hut  still  useful. — The  laws  which 
regulate  friction  are  derived  exclusively  from  esperiments,  independ- 
ently of  theory.  There  are  no  simple  or  general  priaoiples  from 
which  they  can  be  deduced  by  mathematical  reasoning. 

It  is  a  matter  of  regret,  that  even  amongst  the  best  conducted 
experiments  that  have  been  made,  considerable  discrepancies  are 
observable,  and  that  differences  of  opinion  prevail  between  the  most 
respectable  authorities  respecting  many  particulars  connected  with  the 
properties  and  laws  of  these  resisting  forces. 

Although  these  laws,  so  for  as  they  are  known,  depend  thus  wholly 
on  experiment,  yet  the  genera!  principles  of  scieace,  as  applied  to 
them,  are  far  from  being  useless. 

Tbey  serve  as  a  guide  in  the  selection  of  the  esperimenta  which 
are  best  adapted  to  develop  those  laws  which  are  the  subjeet  of  in- 
quiry, as  well  as  to  show  the  inconoiusiveness  of  some  experiments 
on  which  reliance  might  otherwise  be  placed,  and  thus  enable  ua  fur- 
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ther  to  deduce  from  tte  results  of  experimental  mquirios  immeroiia 
useful  practical  results. 

562.  Methods  of  measuring  sliding  friction.  —  There  arc  two 
methods  by  TOhioh  the  quantity  of  friction  produced  when  two  aur- 
faoes  are  moved  one  upon  another  can  bo 
ascertained. 
J  Ist.  The  surface  being  rendered  per- 
fectly fiat,  let  one  be  fised  in  a  horizontal 
position,  oa  a  table  T  T,  ftg.  159.,  and  let 
the  other  be  attached  to  the  hottom  of  a, 
box  B  E,  adapted  to  reoeiye  weights,  bo  aa 
to  vary  the  pressure. 

Let  a  flesible  cord  be  attached  to  this 
box,  and  being  carried  parallel  to  the  table, 
let  it  pass  over  a  fixed  pulley  at  P,  and 
have  a  dish  suspended  to  it  at  d. 
If  no  friofion  existed  between  the  sumces,  the  smallest  weight 
suspended  from  D  would  cause  the  box  B  E  to  move  with  a  uniformly 
accelerated  motion  along  the  table  towards  the  point ;  but  the  resiat- 
anoe  of  friction  renders  it  necessary,  befoi-e  motion  can  take  place  or 
be  maintained,  that  the  weight  B  shall  be  equal  to  the  amount  of 
this  friction.  If  the  weight  D  and  the  friction  be  equal,  then,  the 
power  and  the  resistance  being  in  equihbrixim,  the  box  b  e,  if  put  in 
motion,  will  move  towards  the  point  with  any  velocity  which  may  be 
imparted  to  it  continued  uniform.  If  the  weight  d  bo  greater  thau 
the  friction,  then  the  motion  of  the  box  towards  p  will  be  accelerated; 
and  if  the  weight  be  less  than  the  friction,  then  any  motion  which 
may  be  given  to  the  box  will  be  retarded,  and  will  soon  cease 
altogether. 

The  del«rmination,  thtrofore,  of  the  weight  acting  at  d,  which 
represents  the  exact  amount  of  the  friction,  will  dopoad  upon  the 
velocity  given  to  the  box  in  the  direction  b  P  being  maintained 
uniform. 

"  e  attached,  aa  befoi-e,  to  a  flat  plane 
AS,_fig.  160.,  but  instead  of  being  hori- 
zontal, let  it  be  inclined,  and  so' arranged 
that  the  inclination  may  be  varied  at  plea- 
sure, The  box  Vf  being  constructed  aa 
„  re,  and  placed  upon  the  plane,  let 

such  an  elevation  be  ^ven  to  the  plane 
'S- 1"0.  ^Yint  the  box  Shall  be  capable  of  moving 

down  it  with  a  imiform  velocity,  without  acceleration  or  retarda- 
tion. If  the  elevation  be  greater  than  this,  the  motion  of  the  box 
down  the  plana  will  be  accelerated,  and  the  gravity  of  tlie  plane  will 
be  greater  than  the  friction;  if  it  be  leas,  the  motion  of  the  box  wiU. 
be  retarded,  and  the  gravity  will  be  less  than  tho  friction. 
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5G3.  T/ie  angle  of  repose.  —  That  parliOTlar  inclination  of  the 
plane,  corresponding  to  the  friction  of  any  given  surface,  which 
rondci-a  the  gravity  of  t!ie  plane  equal  to  the  friction,  is  called  tte 
OTigle  of  repose  or  the  atigle  of  friction. 

Acooi-ding  to  the  principles  already  explained,  it  follows  that,  in 
these  coses,  if  the  length  of  the  plane  a  b  repreaent  the  total  weight 
W,  the  gravity  down  the  plane,  which  is  equal  to  ftietion,  will  be 
represented  by  the  height  A  E,  and  the  pressure  upon  the  plane  will 
be  represented  by  the  base  b  E,  and,  consequently,  the  ratio  of  the 
friction  to  the  pressure  will  be  that  of  the  height  A  e  to  the  base  b  e. 
Experiments  conducted  according  to  both  these  methods  bave^ven 
nearly  the  same  results,  which  may  be  summarily  stated  to  be  as 
follows. 

564.  Friction  proportional  to  pressure,  other  things  being  the  same. 
—  The  proportion  of  the  friction  to  the  pressure,  when  the  quality 
of  the  suriiice  is  given,  is  alwa;^  the  same,  no  matter  how  the  weight 
or  the  magnitude  of  the  surface  may  be  varied,  except  in  extreme 
cMes,  when  the  proportion  of  the  pressure  to  the  surface  is  very  great 
or  very  small.  Thus  it  is  found  that  in  the  mode  of  experiment 
represented  wfig.  159.,  in  proportion  as  we  increase  the  weight  con- 
tained in  the  bos  B  e,  we  must  increase  the  weight  suspended  at  d. 
If  the  weight  in  b  e  be  doubled,  the  weight  suspended  at  D  must  be 
also  doubled ;  if  the  weight  in  b  e  be  increased  in  a  three  or  four-fold 
proportion,  the  weight  suspended  at  D  must  be  increased  also  in  a 
three  or  four-fold  proportion.  Or  if  the  surface  forming  the  bottom 
of  the  bos  B  E  be  increased  or  diminished,  the  weight  ooatained  ia 
it  being  the  same,  no  difference  will  taie  place  iu  the  weight  sus- 
pended from  D  which  we  find  necessary  to  oyercome  the  friction. 

Ihis  effe  t  IS  what  might  have  been  tspected;  for  when  the  surface 
IS  liminisbed  the  tital  treasure  lemainm^  ihe  same^  the  pressure  on 
each  sqiare  mcb  of  the  surface  wdl  be  increased  in  exactly  the  same 
jiciortionas  the  airfice  has  be^n  diminished;  so  that  although  tho 
am  int  of  friction  would  be  dimmisbed  by  the  diminution  of  the 
rubbmg  surface  the  am  unt  of  the  friction  is  increased  iu  exactly  the 
an  e  pioporti  n  by  the  mtr  ase  of  the  pressure  per  square  inch 
u]  un  it 

of  5  This  Jam  faih  tn  ext  eme  cases  — But  if  an  extreme  in- 
c  a  e  or  an  extieme  dimimition  of  suif  ice  talte  place,  the  pressure 
1  raaimu^  the  same  then  it  is  foimd  that  the  result  varies  from  this 
condition  the  ratio  of  friction  to  the  jressure  being  somewhat  in- 
cretiael  by  the  estreme  meruase  of  lubbmg  surface,  and  somewhat 
d  n  uished  bj  its  extieme  diminution 

06  Effi'U  of  continued  contact  —  When  surfaces  are  first  placed 
m  contact  the  friction  is  less  than  when  they  are  suffered  to  rest  in 
contact  for  a  certain  time  This  is  pioved  by  observing  the  force 
vihioh  in  Uto  oaae  is  neceasiuy  to  move  the  one  surface  upon  tho 
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otier.  This  force  is  found  to  he  less  if  applied  at  the  first  moment 
of  confaot,  than  when  tie  contact  haa  been  long  continned.  Thia 
increase  of  force,  however,  due  to  continijance  of  contact,  has  a  limit. 
There  is  a  certain  time,  different  in  different  suhstances,  mthin  which 
this  resistance  attains  its  greatest  amount.  With  surtaces  of  wood  it 
geaerally  attains  ite  masimum  in  two  or  three  minutes ;  with  Burfaoes 
of  metal,  the  masimum  is  attained  almost  immediately.  But  when 
a  surface  of  wood  is  placed  in  contact  with  one  of  metal,  this  resist- 
ance continnes  to  increase  for  several  days,  la  general,  the  duration 
of  the  increMe  of  resistance  by  continued  contact  increases  as  the 
surfaces  of  contact  are  increased,  and  is  greater  when  the  snriac^  ars 
of  different  kinds  than  when  they  are  of  the  same  kind. 

567.  Similar  surfaces  have  greater  friction  tlian  dissimilar. — 
In  general  it  ia  found  that  similar  surfaces  have  greater  friction  than 
dissimilar  sui-fiicee.  The  harder  the  body  is,  the  less,  in  general, 
will  be  the  friction  produced  by  ifa  surface. 

568.  Friction  diminished  hy  wear.  —  It  is  evident  that  the 
smoother  the  surfaces  are  which  move  ia  contact,  the  less  will  be 
their  friction. 

On  this  account,  tie  friction  of  surfaces  when  first  brought  into 
contact  is  greater  than  after  their  attrition  has  been  continued  for  a 
certain  time,  because  such  attrition  has  a  tendency  to  remove  and 
nib  off  those  minute  asperities  and  projections  on  which  the  friction 
depends ;  but  this  has  a  limit,  and  after  a  certain  quantity  of  attrition 
the  friction  ceases  to  decrease. 

Newly  planed  surfaces  of  wood  have  at  first  a  friction  which  ia 
equal  to  about  half  their  entire  pressure ;  but  after  they  are  worn  by 
attrition,  this  is  reduced  to  one  third. 

Owing  to  the  cause  already  explained,  of  the  increase  of  friction  by 
the  continuance  of  contact,  it  follows  that  the  friction  of  surfaces  at 
the  commencement  of  motion  from  a  state  of  rest  must  be  greater 
than  while  actually  moving,  because,  while  in  motion,  the  Burfoces  in 
any  one  position  are  only  momentarily  in  contact,  and  consequently 
have  not  time  to  acquire  that  increased  friction  due  to  the  continuance 
of  conl-ict, 

569.  Effect  of  crossing  the  grains.  —  If  the  surfaces  in  contact 
be  placed  with  their  grwns  in  the  same  direction,  the  friction  will  be 
greater  than  if  their  grains  cross  each  other.  Smearing  the  surfaces 
with  unctuous  matter  diminishes  the  friction,  probably  hy  filling  the 
cavities  between  those  minute  projections  which  produce  the  friction. 

570.  Pivots  of  wheels.  —  The  pivots  of  pendulums  or  balances 
are  usually  made  of  steel,  and  rest  upon  hard  polished  stones,  differ- 
ent surfaces  being  used  for  the  purpose  of  diminishing  the  amount  of 
friction.  Brass  sockets  are  generally  used  for  iron  asles  on  the  same 
principle. 

671.  Selection  of  lubricants. — la  the  selection  of  lubricants,  thoso 
255,-.  I 
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of  a  vJseous  naturo  are  selected,  in  the  case  of  the  rougt  surfaces  of 

softer  bodies,  and   those  which  are  more  fluid  are  applied  to  the 

smoother  surface  of  harder  bodies. 

Thus,  when  metal  moves  upon  wood,  tallow,  tar,  or  some  solid 

grease  is  generally  waed;  but  when  metal  moves  upon  metal,  oil  is 

preferred,  and  the  harder  and  the  smoother  the  metal,  the  finer  the 

oil. 

J'inelj  pulverized  plumbago  is  found  to  be  a  very  efficient  agent  in 

ditniniahing  fricldoDj^spedally  as  applied  to  the  axles  of  cai'riagea  and 

the  ahafta  of  machinery. 

The  anti-attrition  metal,  which  is  composed  of  1  paxt      pp      2 

parte  anUmony,  and  3  parts  tin,  is  now  very  generally  u    1  ly  ma 

chiaiats  in  the  United  Slates,  for  diminishing  the  friction  and  p       nt- 

ing  the  heating  of  gadgeons,  pivots,  boxes,  &c. 

572.  RoUing  fiiciion.  —  The  friction  which  attends  a      11    g 

motion  is  Tery  much  lees  than  that  which  would  attend  a   1  d    g 

rubbiug  motion  with  the  same  surfaces  and  under  the  sam  p  ss  u 
Hence  it  is  that  rollers  are  used  with  so  much  snecess  as  an  x[  d  nt 
for  diminishing  friction.  A  roughly  chiselled  block  of  st  u  w  gh 
ing  1080  lbs.  was  drawn  from  the  quaity  on  the  surface  of  th  k 
by  a  force  of  758  lbs. .  It  was  then  kid  upon  a  wooden  sied^  and 
drawn  upon  a  wooden  floor,  the  tractive  force  being  606  lbs.  When 
the  wooden  surfaces  moving  upon  one  another  were  smeared  with  tal- 
low, the  tractive  fbree  was  reduced  to  182  lbs, ;  but  when  the  load 
was  in  fine  placed  upon  wooden  rollers,  three  feet  in  diameter,  the 
tractive  force  was  reduced  to  28  lbs. 

573.  JJse  cf  rollers. — When  heavy  weights  are  to  be  moved 
through  small  spaces,  the  espedient  of  rollers  is  attended  with  great 
■advantage ;  but  when  loads  are  to  be  transported  to  considerable  dia- 
lances,  the  process  is'iaeonvenient  and  slow,  owing  to  the  necessity 
of  continually  replacing  the  rollers  in  front  of  the  load,  as  they  are 
left  behind  by  each  progressive  advancement. 

674.  Use  of  carriage  wheels.  —  The  wheels  of  carriages  may  be 
regarded  as  rollers  which  aie  continually  carried  forward  with  the 

In  addition  to  the  friction  of  the  rolling  motion  on  the  road,  they 
have,  it  is  true,  the  friction  of  the  asle  in  the  navo ;  but,  on  the  other 
hand,  they  are  free  from  the  friction  of  the  rollers  with  the  under 
surface  of  the  load  or  the  carriage  in  which  the  load  is  ti-ansported. 
The  advantage  of  wheel  carriages  in  diminishing  the  effects  of  frio- 
tion  is  sometimes  attributed  to  the  slowness  with  which  the  axle 
moves  within  the  box,  compared  with  the  rate  at  which  tie  wheel 
moves  over  the  road;  but  this  is  erroneous.  The  quantity  of  friction 
does  not  in,  any  case  vary  considerably  with  the  velocity  of  the  mo- 
tion, hut  least  of  all  does  it  in  that  particular  kind  of  motion  here 

256 
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575.  Friction  wlieds.  —  In.  certain  eases  "wtere  it  is  of  great  im- 
portance to  remove  the  effects  of  friction,  a,  contrivance  callGd  friction 
wheels  or  friction  rollers  is  used.  The  axle  of  a  friction  wheel,  in- 
stead of  revolviag  within  a  hollow  cylindei-  which  is  fixed,  rests^upon 
the  edges  of  wheels  which  revolye  with  it ;  the  species  of  motion  thoa 
becomes  that  in  which  the  friction  is  of  least  amount. 

576.  E  feet  of  the  magnitude  of  wheels. — In  carriages,  the  rough- 
ness of  the  road  is  more  easily  overcome  by  large  wheels  than  oy 
small  ones;  hence  wo  see  wheels  of  very  great  magnitude  used  for 
COTEying  heams  of  timber  of  extraordinary  weight.  The  animals 
drawing  these,  notwithstandiog  their  weight,  do  not  manifest  any  eon- 
siderable  exertion.  The  cause  of  this  arises,  partly  from  the  carriage- 
wheels  bridging  over  the  cavities  in  the  road,  instead  of  sinking  into 
them,  and  partly  because,  in  surmounting  obstacles,  the  load  is  ele- 
vated less  abruptly. 

577.  Best  Urn  of  draught. — If  a  carriage  were  capable  of  moving 
on  a  road  absolutely  free  from  friction,  the  most  advantageous  direc- 
tion in  which  the  traetive  force  ootdd  be  applied,  would  be  parallel  to 
the  road  J  but  when  the  motion  is  impeded  by  friction,  as  in  practice 
it  always  is,  it  is  better  that  the  line  of  draught  should  be  inclined  to 
tlie  road,  so  that  the  drawing  force  may  be  exerted  partly  in  le^ening 
the  pressure  on  the  road,  by  in  some  degree  elevating  tho  carnages, 
and  partiy  in  advancing  the  load. 

It  can  be  established  by  mathematical  reasoning,  that  the  best  lino 
of  draught,  in  all  cases,  is  detexmiaed  by  the  angle  of  repose ;  that 
is  to  say,  the  traces  should  form  an  angle  with  the  road,  equal  to  the 
elevation  of  a  plane  which  would  esaotiy  overcome  the  friction. 
Hence  it  appears,  that  the  smoother  the  road,  and  the  more  perfect 
the  carriage  and  consequently  the  le=3  the  friction,  the  more  nearly 
■p     11  1  to  th        d  th    1        f  d      i^ht  hould  be. 

lawh    1    11  nag      th  ist  tw         rees  of  friction:  one  which 

p        1    l  tw        th    t  f  th    wh    1  and  the  road  on  which  they 

tl  ttwihdpedn  the  quality  of  the  road ;  and 

th     th     wh   h  p        1    b  tw       th     3l    and  the  nave  of  the  wheel 

wh   h    t  t  Tl      1  tte  1  1    g  friction,  but  the  rubbmg 

f  mall  be   g  th   1        f       tact  of  the  axle  with  the  na\e 

L  t 
^78    Ft       f    h    2       nag     m    oads  — From  the  stiULtme 
fthldth  th        urf  friction  admits  jf  being  il 

'p  diramished,  by  the  application  of  lubiicanta   and 


The  other  resistance,  depending  on  the  action  of  the  tires  of  the 
wheels,  amounts,  on  wsll-paved  roads,  to  ah  ut  ,',th  of  the  load  On 
gravelled  roads  it  is  but  ^'jth ;  and  when  %  trcsh  layei  of  gri\  d  h  is 
been  laid,  it  is  increased  to  the  -j^gth  of  the  load 

It  is  found,  however,  on  a  well  macadamized  load,  when  m  good 
22  *  257 
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order,  that  tho  resistance  does  not  eseeod  the  j^^tli  or  ^jtli  of  the 
load. 

The  most  perfect  modern  road  is  the  iron  railwayj  by  which  tlio 
resistance  due  to  friction  is  reduced  to  an  extremely  small  amount. 

Various  csperimenta  have  been  made,  with  a  view  to  determine 
this  resistance;  but  much  difficulty  aiiseB,  owing  to  the  effects  of 
atmospheric  resistance  being  combined  with  those  of  fricfion.  An 
estensive  series  of  experimenta  was  made  by  t!ie  author  of  this 
■volume,  in  the  year  1838,*  with  a  view  to  deteraiine  the  amount  of 
resistance  to  railway  trains;  the  result  of  which  showed,  that  this 
resistance  was  much  moro  considerable  than  it  had  been  previonsly 
supposed  to  be;  bat  that  it  depends  in  a  great  degree  upon  the 
■velocity,  and  probably  aiises  more  from  the  resistaace  of  the  air  than 
from  friction  properly  so  called. 

579.  Effects  of  imperfect  ^flexiinlUy  of  ropes. — Wlien  ropes  or 
cords  form  a  part  of  machinery,  the  effects  of  their  imperfect  flesi- 
bility  are  in  a  certain  degree  coimferaoted  by  beading  tiem  over  the 
grooves  6f  wheels. 

But  although  this  so  far  diminishes  these  effects  as  to  render  ropes 
pi-actioally  useful,  yet  still,  in  calculating  the  power  of  machinery,  it 
is  necessary  to  take  into  ac<iount  some  coasequencea  of  the  rigidity  of 
cordage,  which  even  by  these  means  are  not  yet  removed. 

To  esplain  the  way  in  which  the  stiffness  of  a  rope  modifies  the 
operation  of  a  machine,  we  shall  suppose  it  bent  over  a  wheel,  aad 
stretched  by  weights  A  and  B,_,%.  161,  at  its  estretnities.  The  weighla 
A  and  B  being  equal,  and  acting  at  c  and  u  in  opposite  ways,  balance 


Fig.  Ifil. 


Fig.  ISS, 


the  wheel.  If  the  weight  A  receive  an  addition,  it  will  overcome  the 
resistance  of  B,  aad  turn  tie  wheel  ia  the  direction  b  b  0.  Now,  for 
the  present,  let  us  suppose  that  the  rope  ia  perfectly  infiesible;  the 
wlieel  and  weights  will  be  turned  into  the  position  represented  in_^. 
162.     The  leverage  by  which  A  acta  will  be  diminished,  and  will  be- 

*  Tlio  details  of  these  esperiments  will  he  found  in  the  puMiahed  veporta 
of  the  meetings  of  the  British  Association  in  1838  and  1841. 
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cwne  0  F,  haTiDg  been  before  O  O ;  wad  the  kvovage  by  wliicli  b  acta 
will  be  increased  to  0  g,  haying  been  before  o  d 

But  the  rope,  ttot  being  infiexibb,  will  yield  *    th      ff  t    f  the 
weights  A  and  B,  and  the  parts  A  C  and  b  d  will  b    b    t      t    tl 
forms  represented  in  Jig.  163.     The  prepbnd    at  n    w     ht  A    1 11 
has  a  losa  leverage  than  the  weight  B,  and  conseq    ntly  a  p    p 
tionate  part  of  the  effect  of  the  moving  power      1    t 

The  extent  to  which  the  rigidity  of  cordage  aff  t  fli  m  t  n  f 
machinery  has  been  aacertained  by  experiment  na  tllm  mp 
feet  manner  than  the  results  of  friction.  Many  B  d  ntal  cir  um 
stances  wry  the  conditions,  so  as  to  throw  gr  at  diffl  It  s  a  the 
way  of  such  an  investigation.  Different  ropes  ani  th  ■lam  ps  t 
different  limes,  produce  extremely  different  efiects,  influenced  by  the 
circumstances  of  their  dryness  or  humidity,  the  quality  of  their  ma- 
terial, the  mode  ia  which  they  are  prepared  and  twisted,  &o.  These 
circumstances,  it  is  evident,  do  not  aitnit  of  being  estimated  or  ex- 
pressed with  any  degree  of  accuracy.  It  may,  however,  be  stated 
generally  that  the  resistance  produced  by  the  rigidity  of  a  rope  is  di- 
I'ectly  proportional  to  the  weight  that  acts  upon  it,  and  to  its  thick- 
ness. O^er  things  being  the  same,  it  is  also  in  the  inverse  proportion 
of  (ie  diameter  of  the  wheel  or  axle  upoa  which  the  rope  is  coiled; 
the  greater  the  weights,  therefore,  which  are  moved,  and  the  stronger 
the  ropes,  the  greater  will  be  the  resistance  proceeding  from  rigidity ; 
and,  on  the  other  hand,  the  greater  the  diameter  of  the  wheel  or  axle 
OE  which  the  repe  runs,  the  less  in  proportion  will  be  the  force  neces- 
sary to  overcome  the  rigidity. 

The.  resistance  from  new  ropes  is  ^eater  than  from  those  of  the 
same  quality  which  have  been  some  time  in  use.  Eopes  saturated 
with  moisture  offer  increased  resistance  on  that  account 

580,  Empirical  formula  for  determining  the  effects  of  the  rt- 
gidity  of  ropes.  — The  following  rule  for  ascei-taining  the  effects  of 
rigidity  is  given  in  Pesohel :  — 

"It  has  been  experimentally  proved,  that  a  weight  of  1  lb.,  hang- 
ing on  an  axis  of  1  inch  in  diameter  by  a  cord  1  line  thick,  requires 
a  resi'tance  of  half  an  ounce,  oi  ^ij  of  ^  lb  ,  on  account  of  the  stiff- 
ness of  the  rope  Assummg  this  uw  a«  the  basis  of  our  calculations, 
and  keejmg  m  mow  the  proportions  named  above,  we  may  find  the 
iuttion  ot  the  ropps  m  any  maohme  Suppose,  for  instance,  that 
from  an  asle  3  inches  m  diametei,  there  is  suspended  a  weight  of 
IbOO  lbs  by  a  rope  16  hnes  in  thickneos,  then,  by  the  above  mle, 
if  the  rope  were  1  line  thick,  and  the  roller  1  inch  in  diameter,  the 
reaiotance  would  be  'Sa",  oi  50  lbs,,  but  since  the  former  is  10 
lines  tiick,  it  would,  if  moved  areund  a  1-inch  axle,  be  50  X  16  = 
800  lbs. ;  the  axle,  however,  is  8  inches  in  diameter,  whence  tke  exact 
resistance  is  ^^-  =;  100  lbs.     Or,  in  general  terms,  if  d  be  the  dianie- 
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tex  of  the  axis  in  inches,  d'  ttat  of  the  rope  in  lines,  and  w  i 
weight  iu  lbs.  to  he  moved,  the  resistaaco  of  the  fiiction  will  he 


32  rf 


Ihs. 


681.  Resistance  of  fluids.  —  Since  all  the  motions  which  com- 
monly take  place  on  the  surface  of  the  earth  are  made  in  the  atmo- 
Bpliere  or  in  water,  it  is  of  great  practical  importance  to  ascertain  the 
lama  which  gOTem  the  resistance  offered  by  these  fluids  to  the  motion, 
of  bodies  passing  through  them. 

A  body  moTing  through  a  fluid  must  displace  as  it  proceeds  as 
much  of  that  fluid  as  fills  the  spaoe  which  it  oooupies;  and  in  thua 
imparting  motion  to  the  fluid,  it  loses  hj  reaction  an  equivalent  quan- 
tity of  its  momentum. 

If  a  body  thus  moying  were  not  impelled  by  a  motive  force  in  con- 
stant action,  it  would  be  gradually  deprived  of  its  momentum,  and  at 
length  brought  to  rest.  Hence  it  is,  that  all  motions  which  take 
jlace  on  the  suifice  of  the  earth,  ind  which  iie  not  sustained  by  the 
(.instant  notion  cf  ^n  impelling  puWLr,  aie  observed  gradually  to  di- 
mmish and  ultimately  ceise 

&mce  the  resistance  prolueed  by  a  fluil  to  the  motion  of  a  solid 
through  it  K  equivalent  to  the  momentum  imputed  by  the  solid  to 
the  fluid,  which  it  thiusta  out  of  its  way  m  its  motion,  it  follows  evi- 
tlcutly  that,  other  thmgs  being  the  sime,  this  resistance  will  be  pro- 
portional to  the  density  or  weight  of  the  fluid.  Thus  the  resistance 
produced  by  air  is  less  than  that  produced  by  water,  in  the  proportion 
of  the  weight  of  air  to  the  weight  of  an  equal  bulk  of  water. 

The  i-esista.nees  are  proportioned  to  the  quantity  of  the  fluid  which 
the  moving  body  thrusts  from  the  path ;  and  this  again  depends  upon 
the  form  and  magnitude  of  the  body,  and  more  especially  on  ita 
frontage. 

582.  ResisUiHce  depends  on  Ike  frontage  of  the  moving  body.  — 
The  resistance  which  a  body  encounters  in  moving  through  a  fluid  is 
greater,  therefore,  with  a  broad  end  foremost,  than  with  a  narrow  end 
foremost.  A  ship  would  evidently  encounter  a  much  greater  resist- 
ance if  it  were  driven  sideways,  than  if  it  move  in  the  direction  of 
the  keel.  It  would  also  encounter  a  greater  resistance  if  it  moved 
stern  foremost  than  in  the  i^ual  direction. 

The  blade  of  a  sword  would  be  wielded  with  difficulty  if  moved 
with  ila  flat  side  agfunst  the  aii',  whereas  it  is  easily  floiirished  when 


583.  Also  affected  by  the  form  of  the  front. — Bodies  whose  fore- 
most ends  have  the  form  of  a  wedge  or  a  point,  move  through  a  fluid 
with  less  tesiatanoe  than  if  the  pointed  ends  were  cut  off  and  they 
d  a  flat  surface  to  the  fluid  medium,  because  in  their  motion 

y  act  upon  the  principle  of  the  wedge,  and  more  easily  cleave  the 
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Buid.     Naturo  has  formed  birds  and  fislics  in  ttis  manner  to  facilitate 
their  passage  tkrongh  the  air  and  through  the  water. 

584.  Increases  in  a  high  ratio  with  tlie  speed. — The  resistance  which 
a  body  moTing  through  a.  fluid  enooiiiit«rE,  increases  in  a  high  ratio 
with  itB  Telocity, 

If  the  body  move  'mth  the  velocity  of  one  foot  per  second,  it  will 
act  in  each  second  upon  a  column  of  the  fluid,  whose  base  is  equal  to 
its  own  tranaverfe  section,  aud  whose  length  is  one  foot,  and  jt  will 
impel  iui,h  a  column  with  a  velocity  of  one  foot  per  second;  but  if 
the  velocity  of  the  moving  body  he  doubled,  it  will  not  only  di-ive 
before  it  in  one  second  a  column  of  fluid  two  feet  long — that  is,  double 
the  former  length,  but  it  will  impel  this  column  with  dunble  the 
form  Br  speed. 

The  resistance,  therefore,  will  bo  doubled  on  account  of  the  double 
quantity  of  the  fluid,  and  agiun  doubled  on  account  of  this  quantity 
receiving  double  the  velocity. 

The  moving  force,  therefore,  imparted  by  the  body  to  the  fluid 
when  the  velocity  is  doubled,  will  be  increased  in  a  fomfold  pro- 
portion. 

In  tho  same  manner  it  may  be  shown  that  if  the  velocity  of  the 
body  be  inci-eased  in  a  threefold  proportion,  it  will  drive  from  its  path 
three  times  as  much  of  the  fluid  per  second,  and  impart  to  it  three 
times  as  great  a  velocity;  consequently,  the  moving  force  which  it 
will  impart  to  the  fluid  will  be  nine  times  that  which  it  imparted 
moving  at  the  rate  of  one  foot  per  second. 

In  general,  therefore,  it  follows  that  the  moving  force  which  the 
liody  imparts  to  the  fluid  in  moving  through  it,  will  be  increased  in 
proportion  to  the  square  of  the  velocity;  hut  as  the  resistance  which 
the  body  suffers  must  be  equal  to  the  momentum  which  it  imparts  to 
the  fluid,  it  follows  that  the  resistance  to  a  body  moving  through  a 
fluid  will  be  proportional  to  the  square  of  its  velocity. 

586.  Advantage  of  ponderous  missiles.  —  Hence  it  follows  that 
missiles  lose  a  less  porportion  of  their  moving  force  in  passing  through 
the  air,  as  their  weight  is  increased;  for,  according  to  what  has  been 
stated,  the  resistance  which  they  suffer  at  a  given  velocity  will  be 
proportional  to  their  transverse  eeotioii,  which  ja  this  case  is  in  the 
ratio  of  the  squares  of  their  diameters;  but  as  their  weight  increases 
as  the  cubes  of  their  diameters,  and  is  proportional  to  their  moving 
force,  it  folloire  that  in  increasing  their  magnitude  their  moving  foroe 
is  increased  in  a  higher  ratio  than  the  resistance  they  encounter.  Tor 
example,  if  two  cannon-balls  have  diameters  in  the  proporlaoa  of  2  to 
3,  the  resistances  which  they  will  encounter  at  the  same  velocity  of 
projection  will  be  in  the  ratio  of  4  to  9,  while  their  weights  will  be  in 
the  ratio  of  8  to  27. 

The  reeistanoe,  therefore,  of  the  smaller  ball  will  boar  to  its  weight 
a  greater  ratio  than  that  of  tlie  lai-gcr. 
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586.  Resistance  of  the  air  lo  the  motion  of  failing  bodies.  —  It 
has  been  shown  that  a  body  obedient  to  the  action  of  gravity  woulcl 
descend  ia  a  vettjoal  line  with  a  nniformly  accelerated  motion;  Its 
velocity  would  increase  in  proportion  to  the  time  of  its  fall,  so  that  in 
ten  seconds  it  would  acquire  tan  times  the  velocity  which  it  acquired 
in  one  second ;  bnt  these  conclusions  have  been  obtained  on  the  sup- 
position that  no  mechanical  agent  acte  upon  the  body,  save  gravity 
itself.  If,  however,  the  body  Ml  through  the  atmosphere,  which  in 
practice  it  must  always  do,  it  encounters  a  resistance  which  augments 
with  the  square  of  the  velocity.  Now,  as  the  accelerating  force  of 
gravity  does  not  inere^e,  while  the  resistance  continually  increases, 
.  this  resistance,  if  the  motion  be  continued,  must  at  lenglh  become 
equal  to  the  gravitation  of  the  falling  body;  and,  when  it  does,  the 
velocity  of  the  falling  body  will  cease  to  increase.  It  follows,  there- 
fore, that  when  a  body  falls  through  the  atmosphere,  its  rate  of 
acceleration  is  continually  diminished ;  and  there  is  a  limit  beyond 
which  the  velocity  of  it«  fall  cannot  increase,  this  limit  being  deter- 
mined by  that  velocity  at  which  the  resisting  force  of  the  air  will 
become  equivalent  to  the  gravity  of  the  body. 
■  As  the  resisting  force  of  the  mr,  other  thin^  being  the  same,  increases 
with  the  magnitude  of  the  surface  presented  in  ttie  direction  of  the 
motion,  it  ia  evidently  possible  so  to  adapt  the  shape  of  the  falling 
body  that  any  required  limit  may  be  impressed  upon  the  velocity  of 
its  descent.  It  is  upon  this  principle  that  parachutes  have  been  con- 
structed. 

When  3  body  attached  to  a  parachute  is  disengaged  from  a  balloon, 
ita  descent  is  at  first  accelerated,  but  very  soon  becomes  uniform,  and 
as  it  approaches  the  earth,  the  air  becoming  more  and  more  dense, 
the  resistance  oa  that  account  increases,  and  the  fall  becomes  still 
more  retarded. 

The  theory  of  projectiles,  which  is  founded  upon  the  supposition 
of  bodies  moving  in  a  vacuum,  ia  rendered  almost  inapplicable  in 
practice,  in  consequence  of  the  great  effect  produced  by  atmospheric 
rc^fence  to  bodies  moving  with  such  a  velocity  as  that  which  ia 
generally  imparted  to  missiles.  According  to  experiments  and  calcn- 
mions,  it  has  been  found  that  a  4-Ib.  cannon-ball,  the  range  of  which 
in  a  vacuum  would  be  23,226  feet,  was  reduced  to  6,437  feet  by  tho 
resistance  of  tho  air.  Hutton  showed  that  a  6-lb.  ball,  projected  with 
a  velocity  of  2000  feet  per  second,  encountered  a  resistance  a  hun- 
dred times  greater  than  its  weight. 
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587.  Slrengili  of  solid  lodies.  —  The  eolict  materials  of  wbict 
structures,  natural  and  artificial,  are  composed,  are  endued  with  cer- 
tain powers,  in  virtue  o£  which  they  are  capahle  of  resisting  forces 
applied  to  bend  or  break  theia.  These  powers  constitute  an  impor- 
!SKtiiig  forc^,  and  are  technically  called  in  mechanics 


Esperimental  inquiries  into  the  conditions  which  determine  the 
strength  of  solid  bodies,  and  their  power  to  resist  forces  tending  to 
tear,  break,  or  hend  them,  ai-e  obstructed  by  practical  difficulties,  the 
nature  and  extent  of  which  have  deterred  many  from  encountering 
tiem. 

588.  Br^cultj/  of  ascertaining  its  lams.  —  These  difficulties  arise 
partly  from  the  great  force  which  must  be  employed  in  such  experi- 
ment, but  more  from  the  peculiar  nature  of  die  bodies  upon  which 
such  experiments  are  made. 

The  object  of  such  an  inquiry  miist  necessarily  be  the  establish- 
ment of  a  general  law,  or  such  a  rule  as  would  be  strictly  observed 
if  the  materials  were  perfectly  uniform  in  their  testure,  and  subject 
to  no  casual  inequalities.  In  proportion,  however,  as  such  inequali- 
ties are  frequent,  experiments  must  be  multiplied,  so  that  they  shall 
include  cases  varying  in  both  exh'emes,  so  that  the  peculiar  effiicts  of 
each  may  he  effiiced  from  the  general  average  result  which  shall  be 
obtained.  These  inequalities  of  texture,  however,  are  so  great,  that 
even  when  a  general  law  has  been  established  by  a  sufficiently  exten- 
Kve  series  of  experiments,  it  can  only  be  regarded  as  a  mean  result 
from  which  individual  examples  will  be  found  to  depart  in  so  great  a 
degree,  that  the  greatest  caution  must  be  observed  in  its  practical  ap- 
plication. 

Although  the  details  of  this  subject  belong  more  properly  to  engi- 
neering than  to  aa  elementary  treatise  like  the  present,  it  may  neyer- 
theless  be  useful  to  give  a  general  view  of  the  most  important  princi- 
ples which  have  been  esfablislied. 

589.  Several  «iags  in  viMck  strength  may  he  mamfested.  —  A 
mass  of  solid  matter  may  be  submitted  to  the  action  of  a  force  tend- 
ing to  separate  its  paits  in  several  ways,  of  which  the  principal  are — 

I.  A  direct  pull;  as  when  a  weight  is  suspended  to  a  wire  or  a 

rope,  or  when  a  tie-beam  resists  the  separation  of  the  walla  of 
a  structure. 

II.  A  direct  pressure  or  thmst ;  as  when  a  weight  rests  upon  a 

pillar,  or  a  roof  upon  walls. 
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III.  When  a  force  is  applied  to  twist  or  wrench  n  Tiocly  asunder 
by  tinning  a  part  of  it  round  a  point  within  it. 

IV.  A  transverse  strain;  as  when  a  beam,  being  snpported  at  its 
centre,  weights  are  saspeuded  from  its  ends ;  or,  being  sup- 
ported at  its  ends,  a  weight  is  suspended  from  its  centre. 

590.  The  strength  to  resist  a  direct  puU.  —  When  a  rod,  rope,  or 
wire  is  extended  between  forces  applied  to  its  ends,  and  tending 
directly  to  stretch  it,  its  strength  to  resist  such  force  is,  other  things 
being  the  same,  in  proportion  to  the  magnitude  of  ita  section. 

Thus,  suppose  an  iron  wire  stretched  by  a  weight  which  it  is  just 
able  to  support  without  breijting.  It  ia  evident  that  a  wire  having 
twice  the  qiianfity  of  iron  of  the  same  quality  in  its  thickness  wonld 
support  double  the  weight,  because  such  wire  would  be  in  effect  equi- 
valent to  two  wires  like  the  former  combined.  In  the  aame  manner, 
a  wire  having  three  times  the  quantity  of  iron  of  the  same  quality  in 
its  thicltness,  being  equivalent  to  three  wires  like  the  first,  would  sup- 
port three  times  the  weight,  and  so  on. 

Thus  the  power  of  bodies  to  resist  a  direct  pull  will  he  in  general 
in  proportion  to  the  area  of  their  transverse  section. 

In  practice,  it  is  found  that  when  the  length  is  much  increased,  the 
strength  to  resist  a  direct  pull  is  diminished. 

This  departure,  however,  from  the  general  law  ia  explained  by  the 
increased  probability  of  casual  defects  of  structure  in  the  increased 
length ;  and,  subject  to  such  qualification,  it  may  be  stated  generally, 
tliat  the  strength  of  body  to  resist  tension,  or  a  direct  pull  drawing 
from  end  to  end,  is  in  the  direct  ratio  of  the  area  of  its  section  made 
at  right  angles  to  the  direction  in  which  it  is  stretched. 

591.  Metliod  of  experimentally  measuring  it.  —  The  strength  of 
bodies  to  resist  a  direct  pull  is  experimentally  estimated  by  attaching 
the  upper  extremity  securely  to  a  point  of  support,  and  suspending 
weights  to  the  lower  extremity,  which  are  increased  gradually  until 
the  body  under  experiment  is  broken,  the  weight  which  breads  it  ia 
taken  as  the  expression  of  its  strength. 

The  bodies  uriiieh  have  been  subjected  to  exi>eriments  of  this  kind 
are  chiefly  metals,  woods,  and  ropes,  these  being  most  generally  used 
ill  structures,  in  which  their  capacity  for  resisting  tension  is  of  great 
importance,  as  in  suspension  bridges,  iron  roofe,  cables,  cordage,  &c. 

592.  Table  sliowing  tJie  most  recent  results  of  sueh  experiments. — 
In  the  following  table  are  collected  the  results  of  the  most  recent  and 
extensive  experiments  on  this  subject. 

The  bodies  subjected  to  experiment  are  supposed  to  be  in  the  form 
of  long  rods,  the  cross  section  of  which  measures  a  square  inch.  In 
the  second  column  is  given  the  amount  of  the  breaking  weights,  which 
are  the  measure  of  their  strength. 

This  table  ia  selected  from  vai-ious  recent  works.  (See  next  page.) 
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?irLL,  BXFOESSSU  IN 

BBSB  BuiaTios. 

Name.  Iba.                 lbs. 
1st,  Metals ; — 

'i     1         m       d                               f   m  110,090  to  127,094 

—  m  114,794  —  158,741 
~  13i,25S 

h  58,182—   84,611 

—  P            II  d  63,920 

—  58,730  —  112,005 

—  &w  d   h  m        1j  72,0(34 

—  E  fr    h       d  55,872 

—  16,243—   19,464 
f-  40,097 

p  20,320—   37,880 

—  li              d  87,770—   38,968 
B  17,947—   19,472 

—  wire "  47,114—  68,981 

—  pliite "  62,240 

Gold "  20,490—   65,237 


Biamutli,  cast "  3,137 

Zlno "  2,820 

Antimony,  cast "  1,062 

Lead,  molt«ii           .         .        .        .       "  887—     1,824 

—    wire  ......"  2,543—     3,823 

2d.  IVoods;^ 

Teak        ......"  12,915  to  15,405 

Sjuamoro            "  9,630 

liueoh "  12,225 

Elm "  9,720—  15,040 

Memel  Gr "  9,540 

Cbristiana  deal "  12,346 

Lareii "  12,240 

Oalt "  10,367—   25,851 

Aider "  11,453-   21,730 

Lime "  0,991—   20,796 

Box "  14,210—   24,048 

Pinussylv "  17,056—   20,395 

Asli "  13,480—   23,455 

Pine "  10,038—14,965 

Fir "  6,991—  12,876 

3d.  Cords  L— 
Hemp  twisted 

i  to  1  inel!  thick          .        .        ,  8,746 

lto3        "             .         .         ,         .  6,800 

3  to  5        "         .        .        .         .  5,345 

5to7        "             ....  4,860 

593.  Irtm  the  most  tenacious :  effect  of  alloys.  —  From  this  table 
it  appears  that  the  strongest  of  the  bodies  for  reaistiiig  tension  is  iron, 
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and  tliat  fie  strongest  condition  of  iron  ia  tliat  of  tempered  steel,  In 
genera],  metals  wben  cast  are  leas  strong  than  when  hammered. 
Thus,  cast  ii-on  haa  not  one  thiid  of  the  tenacity  of  wrought  iron. 

It  is  also  fotiiid  that  metals  which  are  composed  of  two  or  more 
alloyed  together  are  often  sttongei  thin  any  of  their  components. 
Thus,  hrass  wire,  which  la  oomj  osed  of  zmo  and  copper,  haa  greater 
tenacity  than  copper  wire,  tlthough  the  tt,nacity  of  ainc,  as  appears 
hy  the  table,  is  extremely  small 

59i.  Effect  of  heat.  —  It  b  also  found  that  the  strength  of  metals 
is  affected  oy  their  temperature,  bemg  diminished  m  general  as  their 
temperature  is  raised.  Sadden,  frequent,  and  estreme  changes  of 
temperature  impair  tenacity. 

595.  .Strength  of  timber.  — Tlie  woods  are  subject  to  esfreme 
variations,  produced  in  general  by  the  great  inequalities  which  are 
incidental  to  them.  Thus  the  strength  of  oai  Tariea,  as  appears  by 
the  table,  between  the  limits  of  10,000  and  25,000  lbs. 

It  is  found  that  trees  which  grow  in  mountainous  places  have 
greater  strength  than  those  which  grow  on  plains,  and  also  that  dif- 
ferent parlfl  of  the  same  tree,  such  as  the  root,  trunk,  and  branches, 
vary  in  strength  within  wide  limits. 

596.  Strength  of  cordage.  —  It  is  found  that  cords  of  equal 
thickness  are  streng  in  proportion  to  the  fineness  of -their  strands,  and 
also  to  the  fineness  of  the  fibres  of  which  tliese  strands  are  composed. 
It  is  found  also  that  their  strength  is  diminished  by  being  overtwisted. 
Hopes  which  are  damp  are  stronger  tlian  ropes  which  are  dry,  those 
which  ai'C  tarred  than  the  untarred,  the  twisted  than  the  spun,  and 
the  unbleached  than  the  bleached.  Other  things  being  the  same, 
silk  ropes  are  three  times  stronger  than  those  composed  of  flax. 

The  strength  of  many  substances  is  increased  by  compressing  them ; 
this  is  the  case  with  leather  and  paper,  for  example. 

597.  Animal  suhsiances. — Animal  and  vegetable  substances  which, 
being  ori^naUy  liquid,  are  rendered  solid  by  evaporation,  change  of 
temperature,  or  exposure,  often  possess  extraordinary  strength.  Ex- 
amples of  this  are  presented  in  the  gums,  glue,  varnish,  &c,  Count 
Bumford  found  that  a  copper  plate  having  the  thickness  of  l-20th  of 
an  inch,  rolled  into  the  form  of  a  cylinder,  had  its  strength  doubled 
when  coaled  with  well-Mzed  paper  of  double  its  own  thickness;  and 
that  a  cjiinder  composed  of  sheets  of  paper  glued  together,  having  a 
sectional  area  of  one  square  inch,  was  capable  of  supporting  a  weight 
of  15  tons  for  every  square  inch  in  its  sectional  area;  and,  in  fine, 
that  a  cylinder  composed  of  hempen  fibres  glued  together  had  a 
strength  greater  than  that  of  the  best  iron,  being  oapable  of  support 
ing  46  tons  per  square  inch  of  sectional  area. 

598.  Strength  to  resist  pressure  or  direct  thrust.  —  According 
to  the  theory  of  Euler,  the  strength  of  a  column  composed  of  any 
material  and  of  any  prismatic  form  to  resist  the  crushing  force  of  a 
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weight  placed  upon  it,  increases  aa  the  sc[aare  of  tlie  mimljer  esprcaa- 
ing  its  sectional  area  divided  by  the  square  of  the  numher  espveasing 
ita  height.       „ 

This  law,  which  is  of  great  practical  importance  on  account  of  its 
application  to  architectural  purposes,  ia  found  to  be  in  very  near  ao- 
cordaEce,  within  practical  limits,  witii  the  experiments  of  Musschen- 
hrock  and  others ;  and  move  recently  witi  the  slJll  more  extensive 
esperiments  of  M.  Eaton  Hodgaklnson  made  on  pillars  of  wrought 
iron  and  timber. 

It  is  necessary  to  obaerve  here,  that  when  the  height  is  reduced  to 
a  very  small  magnitude,  the  pillar  is  more  easily  crushed  than  would 
be  indicated  by  this  law.  Esceptioaa  are  alao  preseatod  in  the  case 
of  pillars  formed  of  partioulav  materialB;  such,  for  esample,  i^  cast 
iron,  "which  M.  Hodgskinson  found  to  vary  in  rather  a  higher  propor- 
tion in  reference  botS.  to  the  sectional  area  and  to  the  height. 

According  to  Eytelwein's  experiments,  the  strength  of  reotangulai 
columns  to  resist  compression  is  directly  aa  the  product  of  the  larger 
side  of  their  section  multiplied  by  the  cube  of  its  shorter  aide,  and 
inversely  as  the  aquare  of  their  height. 

This  will  coincide  with  that  of  Euler  when  the  pillar  ia  square. 

599.  Tables  showing  tlie  strength  of  columns.  —  Eytelwein  gives 
the  following  table  of  the  weights  necesscay  to  crush  pillars  com- 
posed of  the  materials  expressed  m  tlie  first  column,  the  numlers  ex- 
pressed in  the  second  ctilumn  being  ilie  iotal  crushing  weights  in  lbs. 
per  square  Inch. 

Heme.  ItB.  lUs, 

1.  Metals;— 

Cast  iron from  116,818  to  177,779 

Brass,  fine "     164,864 

Copper,  molten "    117,088 

"         hnmiDBred "     103,010 

Tin.  molten "      15,456 

Lcftil,  molten "        7,728 

2.  Woods:— 

Oak        ......        .      from  B,E60  to  5,14T 

Pino '■  l,y28 

Finns  svlv "  1,606 

Bm "  1,284 

3.  Stones : — 

Gneias "         4,9T0 

Siiudstone,  Eotlienburg  .         .         .         .         "         2,556 
Brick,  well  baked "         1,092 

600.  Results  of  Hodgskinson' s  researches.  —  Mr.  Hodgskinson 
^ves  the  following  results  of  hia  experiments  as  to  the  slfongth  of 
timber  pillai-s,  (For  Table,  see  next  page.) 
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StiengOi  per 

anorelnch       1 

1 

Ecsci-iplion  of  Wood. 

MoOenitBly 

iftot  anMectea 

arj. 

%^S^ 

UlPi 

0,831 

6,960 

^h 

8,683 

9,363 

Baj 

7,518 

7,518 

B^Lch 

7,788 

9,363 

Enuli  i>  BinU 

3,297 

6,402 

fed  11 

5,07i 

6,803 

Poi  Dtil 

6,748 

6,586 

White  Deal 

6,781 

7,293 

ElJur 

7,451 

0,978 

Elm 

10,331 

Fu  (^iru  e) 

6,499 

6,819 

Mi>gim 

8,198 

8,198 

Oik  Ou  lice 

4,231 

5,982 

-    Infcli^U 

6,48i- 

10,058 

Pino   Pltth 

6,790 

6,790 

—    red 

5,395 

7,518 

Poplar 

3,107 

5,124 

Hum   drj 

8,241 

10,493 

Tcil 

12,101 

Walnut 

6,083 

7,227 

"Hilbw 

2,898 

6,128 

The  numLers  in  tte  first  column  ire  the  number  of  lbs.  per  squato 
inch,  dLflucciI  from  exptnffients  mndo  on  cylinders  one  mok  in  diame- 
til  anil  two  inches  m  height,  with  flit  sides,  the  wood  being  mode- 
rately  dry 

The  spcond  column  kitb?  the  strength  of  similar  pillars  of  the 
same  woods  wliioh  have  been  subjected  to  a  drying  process  in  a  warm 
place  for  two  months  and  upwards. 

The  great  difference  in  the  strength  of  the  two  cases,  shows  in  a 
striking  manner  the  effect  of  dryness  upon  the  strength  of  timber. 


601.  Strength  to  resist  tm-sion.  — Neither  theory  nor  experiment 
has  thrown  much  light  on  the  laws  which  govern  this  mode  of  resist- 
ance to  the  separation  of  the  constituent  parts  of  bodies.  The  fol- 
lowing i-esults,  showing  the  comparative  strength  of  various  metals, 
were  obtained  from  a  series  of  experiments  made  by  Mr.  Eennie. 
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LeaiJ ,         .         1,000 

Tin 1,488 

Copper 4,312 

Brass 4.688 

Gun  metal       .......         6,000 

SnBdieh  iron S,500 

Engliahicon 10,125 

Caatiron 10,600 

Blaster-steel 16,688 

Shenr-steel 17,003 

Cast-atcol 19,562 

It  is  stated  by  M.  Bantea,  ttat  a  square  bar  of  eastr-iron  which 
would  measure  an  inoli,  is  wrenched  aauader  by  an  average  force  of 
631  Iba.  applied  at  the  extremity  of  a  lever  two  feet  long. 

602.  Strength  to  resist  transverse  strain. — Bodies  submitted  to  a 
transverse  strain  are  usually  considered  as  having  the  form  of  pris- 
matic beams,  at  right  angles  to  which  the  stnun  is  applied,  A  pris- 
matic beam  is  one,  all  whose  transverse  sections  are  equal  and  similar 
figures,  and  the  character  of  the  beam  is  determined  by  the  figure  of 
this  section.  Thus,  a  cylindrical  beam  is  ono  whose  transverse  sec- 
tion is  a  circle ;  a  rectangular,  one  whose  transverse  section  ia  a  right- 
angled  parallelogram ;  a  square,  whose  transverse  section  is  a  square  j 

The  force  pvodudng  the  strain  way  bo  resisted  by  one  or  by  two 
points  of  support,  m  the  latter  case  the  weight  being  placed  between 
these  two  points. 

Case  of  a  beam  supported  at  one  end.  —  In  the  first  case,  let  b  c, 
Jig.  164.,  be  a  prismatic  beam,  flsed  in  a  wall,  or  other  vertical  means 
of  support,  at  n  a,  and  let  a  weight  w  be  supported  from  its  end  0. 
Wo  shall,'for  the  present,  omit  the  consideration  of  the  weight  of  tho 


270  THEORY  OF  MACHINERY. 

The  effect  of  tlie  weigM  w  produeed  at  BA  wl!  be  to  turn  the 
benm  round  the  point  a,  as  if  it  were  a  hinge,  as  represented  in  fig. 
165,  and  thus  to  toar  asunder  the  fibres  which  unite  tie  parts  of  the 
body  forming  its  transverse  section  at  B  A, 

Lety  be  the  force  corresponding  to  the  unit  of  surface  of  this  sec- 
tion ;  lot  A  be  the  area  of  the  section ;  then  /  X  A  will  espress  the 
total  force  of  the  body  over  the  whole  surface  of  the  section.  But  if 
the  beam  tends  to  turn  round  the  point  a  as  a  fuloium,  this  force  acts 
by  a  leyerago  at  each  point,  corresponding  to  the  distance  of  such 
point  from  A.  The  total  force  expressed  hyfXA  may  therefore  be 
eonsidired  as  haying  an  average  leverage,  determined  by  the  various 
distances  of  all  the  parts  in  the  section  from  a  horizontal  line  passing 
through  A. 

Now  the  point  determined  by  these  conditions  is  the  centre  of 
gravity  of  the  section  of  the  beam  at  ab.  Let  the  distance  of  flus 
centre  of  gravity  from  the  horizontal  line  passing  through  the  point 
A  bo  c ;  wc  shall  then  have  the  effect  of  the  forces  of  cohesion  by 
which  the  body  is  united  in  the  surface  of  tho  section  expressed  by 
fXAX  c.  Against  this  the  weight  w  acts  with  the  leverage  CB; 
that  is  to  say,  the  length  of  the  beam 

Let  this  length  be  espresseil  by  i.,  and  wc  shall  have,  accordmg  to 
the  properties  of  the  lever, 

and  therefore 

■^  L 

It  appears  from  this,  therefore,  that  the  weight  necessary  to  frac- 
ture a  beam  placed  in  this  manner,  will  be  in  the  direct  ratio  of  the 
area  of  the  transverse  section  multiplied  by  the  height  of  the  centre 
of  gravity  above  the  lowest  point  of  this  section,  and  divided  by  the 
length  of  the  beam. 

Eor  beams  of  the  same  length,  their  strength  is  proportional  to  the 
area  of  their  section,  multiplied  by  the  distance  of  the  centre  of 

T,  X        K  c      gravity  above   the  lowest 


IT 


I    point ;  and  for  beams  of  the 
-tH    same  section,  the  strength 


ty 


By  the  length  of  the 
I)eam  in  this  case  is  to  be 
understood  the  distance  of 
the  part  of  the  beam  at 
which  the  weight  is  sus- 
pended from  the  point  of 
support. 

270 
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603.   Caseofaheam  supported  at  both  ends. — Let  us  now  con- 
sider the  case  in  which  the  body  is  supported  at  two  points,  the 
being  placed  at  some  intermediate  point.     Let  such 
■   '  ■      -     "'"        ■  irted  at  the  points  D  and  c, 
the  weight  being  placed  at 
an  intermeidiato  point  A. 
In  this  caae,  the  tendency 
of  the  weight  ia  to  rupture 
the  fibres  in  the  Tertical 
section  of  the  beam  pass- 
ing through  A,  and  in  do- 
ing BO,  tie  beam  would 
break  as  if  a  iiinge  were 
placed  at  a,  on  the  upper 
surface  of  the  section  sup- 
porfiag  the  weight,  as  re- 
presented in  _fig.  167. 
'  ■    '  '       '  by  the 


Fig,  167. 


The  fracture  may  in  this  case 
reaction  of  the  poiate  of  support  d  and  C 

To  determine  the  effects  of  this  reaction,  wo  are  to  consider  tiiat, 
by  the  properties  of  the  lever,  the  part  of  the  weight  which  acta  at  0 
Iby 


and  the  part  of  the  weight  which  acts  at  D  as  expressed  by 


But  t]ie  former  of  these  acts  upon  the  section  at  a  with  the  levem 
age  c  A,  and  the  latter  with  the  leverage  da.  If  each  be  therefore 
multiplied  by  its  respective  leverage,  we  find  that  the  effect  of  each 
of  these  actions  in  producing  the  fracture  at  A  will  be  espresaed  by 


the  total  effect  therefore  will  be 


Against  this  force  the  strength  of  tho  beam  acts,  and  the  strength 
of  the  beam  at  the  section  a  is  detenniEed  and  expressed  in  exactly 
the  same  manner  as  in  the  former  oasoj  except  tiiat,  in  the  present 
case,  the  average  leverage  by  which  the  strength  of  the  fibres  resists 
rupture,  is  the  distance  of  the  centre  of  gravity  below  the  highest 
point  A  of  the  section.  Bspressing  this  diBfance  as  before  by  c,  we 
27L 
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Bha\l  lifive  the  condition  of  equilibrium  at  tlie  moment  of  ftaoture  ex- 

j)resse<l  by 

OD 

This  may  be  simplified  in  tho  following  maimer; — 
Let  M,  fig.  166.,  bo  the  middle  point  of  the  beam  between  tbe  two 
points  of  support,  and  let  a  express  D  M,  half  its  length ;  let  X  ex- 
press M  A,  the  distance  of  the  point  where  the  breaking  weight  is 
placed  from  the  middle  point.  We  shall  then  haYS,  by  well-known 
principles  of  geometry, 

DA  X  0A=  a^ — X^. 
Hence  we  shall  have 

and  consequent  y  we  shall  have 


Hence  it  follows  that  if  the  weight  be  placed  at  the  middle  point  be- 
tween the  two  points  of  support,  we  sKall  have  X  =  o ;  and  conse- 
quently, 

It  appeare  from  this,  tliat  the  weight  placed  at  the  centre  of  a  beam, 
between  two  points  of  support  necessary  to  break  it,  is  double  that 
wbjoli  would  be  suffioient  to  break  the  same  beam  if  it  were  supported 
only  at  one  point,  the  weight  being  placed  at  the  other  point. 

Such  are  the  general  practical  principles  for  determining  the  trans- 
ie  strength  of  beams  as  established  by  G«lileo ;  and  although  other 
3tioal  formulse  have  been  proposed  by  later  writers,  the  above  have 
n  found  in  such  near  accordance  with  tho  average  results  of  cspo- 
riments  made  upon  a  large  scale,  that  they  have  been  generally 
adopted  by  mechanical  writers  as  the  basis  of  their  investigations  upon 
the  strength  of  materials. 

Let  vs  now  see  how  the  preceding  formuljB  are  modified  for  beams 
of  particular  forms. 

604.  Case  of  rectangular  beams.  —  If  the  beam  be  rectangular, 
let  its  breadth  be  i,  its  depth  d,  and  its  length  2  a.  The  distance  of 
the  centre  of  gravity  of  its  section,  therefore,  from  its  upper  or  its 
lower  surface  will  be  ^  d.  Now  the  area  of  itfl  section  will  be  5  X  d  ; 
hence  we  have 
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A  =  I>X  d, 
L  =  2  « ; 
and  consei^ueiitly  we  have,  for  a  iDesim  supported  at  one  end, 

In  like  manner,  if  the  beam  be  supported  at  botli  ends,  tlie  weight 
being  placed  at  the  middle,  we  shall  have 

If  the  beam  be  square,  its  breadth  will  be  equal  to  its  depth,  and 
the  breaking  weight,  where  there  is  but  one  point  of  support,  will  be 

and  when  there  are  two  points  of  support, 

■'     2« 

605.  How  tlif.  strength  of  a  learn  is  qfected  hy  the  form  of  iln 

transverse  section.  —  From  the  general  principles  here  established  it 

is  evident,  that,  so  long  as  the  quantity  of  matter  composing  the 

beam,  and  therefore  its  sectional  area,  remains  the  same,  its  sfrength  will 

be  augmented  by  any  modification  of  form  which  will  carry  its  centre  of 

gravity  to  a  greater  distance  from  its  lower  surface,  if  liio  beam  havo 

but  one,  and  from  its  upper  surface  if  it  have  two  points  of  support. 

Some  curious  and  instructive  consequences  ensuo  from  this. 

Thus,  the  strength  of  a  rectangular  beam,  when  its  narrow  side  is 

horizontal,  is  greater  than  whon  its  broad  side  is  horizontal,  in  the 

same  proportion  as  the  width  of  its  broad  side  is  greater  than  the 

width  of  its  narrow  side.     Hence,  in  all  parts  of  structures,  where 

beams  are  subject  to  transverse  strain,  aa  in  the  rafters  of  floors, 

roofs,  &c.,  they  are  placed  with  their  narrow  sides 

horizontal  and  their  broad  sides  vertical. 

K_a  beam,  supported  at  two  points,  bear  a 
strain  at  any  intermediate  point,  a  given  quan- 
ti.ty  of  matter  eompt^ng  it  will  have 'greater 
strength  if  it  be  so  formed  that  its  area  shall  bu 
less  in  the  upper  part  than  in  the  lower. 

Thus,  a  beam  of  triangular  section,  such  as 

A.  b       *     °     A  8  0,^%.  168.,  will  be  stronger  than  a  rectan- 

Fjg.168.     Fig.  159,  gular  beam  of  equal  section,  suoh  as  A  B  D  c, 

ng.  169,  because  the  ofentre  of  gravity  of  the 
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triangle  witli  its  vertex  upwards,  will  be  furtlier  from  b  tiaa  that  of 
the  parallelogram,  from  B  D. 

But  if  the  beam  be  suppoi-ted  at  one  point  only,  thea  the  po^itloa 
of  the  triangle  mnst  be  inverted. 

606.  Transverse  slrenglh  of  solid  and  liolJmo  cylinders.  —  K  a 
solid  and  a  hollow  cylinder  of  equal  lengths  have  the  same  quantity 
of  matter,  so  that  their  sectional  areas  shall  be  equal,  Ihes  their 
strength  will  be  proportional,  to  the  distauoea  of  their  centres  of  gra- 
vity from  their  esfemal  suriace.  But  their  centres  of  gravity  being 
at  their  geometrical  centres,  it  follows,  that  the  strength  of  the  solid 
cylinder  will  be  less  than  the  strengtli  of  the  hollow  cyhnder,  in  the 
ratio  of  the  diameter  of  the  solid  cylinder  to  the  diameter  of  the 
external  surface  of  the  hollow  cylinder. 

It  appears,  therefore,  that  the  strength  of  a  tube  is  always  greater 
than  the  strength  of  the  same  quantity  of  matter  made  into  a  solid 
rod ;  the  practica,\  limitation  of  the  application  of  this  principle  being, 
that  the  thinness  of  the  tube  should  not  be  so  great  as  to  cause  a 
local  derangement  of  its  form  by  the  application  of  a  strong  force. 

607.  Examples  in  the  structure  of  animals  and  plants. — Innu- 
merable striking  and  beautifnl  examples  of  this  principle  occur  in  the 
organized  world.  The  bones  of  animals  of  every  species  are  hollow 
cylindere,  thereby  combining  strength  with  lightness.  The  stalks  of 
numerous  spcdes  of  vegetables  which  have  to  bear  a  weight  at  their 
■upper  end  are  also  tubes,  whose  hghtness  is  remarkable  when  their 
strenglh  is  considered. 

These  are  intended  to  resist  not  only  the  crushing  weight  of  the 
ear  which  they  bear  at  their  summit,  but  also  the  lateral  strain  pro- 
duced by  the  movement  of  the  air. 

The  quills  and  the  plumage  of  birds,  and  especially  of  their  wings, 
present  a  still  more  striking  example  of  the  application  of  this  prin- 
ciple in  the  animal  structure.  The  surface  of  the  extended  wing  act- 
ing on  the  air  produces  a  ateong  transverse  strain  upon  the  quill, 
which  has  a  single  point  of  support  near  the  joint  of  the  wing. 

The  number  expresied  by /in  the  preceding  formnlseis  the  strength 
of  a  beam,  whose  sectional  area  is  the  square  unit,  which  in  this 
case  is  generally  taken  as  the  square  inch.  This  number  is  always 
the  same  for  the  same  species  of  material,  but  different  for  different 
materials.  In  tabulating  the  strength  of  materials  obtained  from 
esperiment,  this  is  accordingly  the  number  which  is  taken  to  desig- 
nate the  strength  of  each  species  of  substance.  When  this  number 
f  is  known,  the  strength  of  a  beam  of  any  proposed  dimensions  can 
be  immediately  calculated  by  the  formulse;  for  it  is  only  necessary 
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to  multiply  this  number  /  by  the  Bumber  of  square  inclies  in  the 
sectional  area,  and  the  number  of  inches  in  the  distance  of  the 
centre  of  gravity  of  this  area  from  the  lower  or  upper  surface,  aa  the 
case  may  be,  and  to  divide  the  product  by  the  length,  or  by  half  the 
length  of  the  beam,  according  to  circumstances;  and  the  result  of 
this  arithmetical  process  will  give  the  breaking  weight :  the  first  alter- 
native being  taken  when  the  beam  is  supported  only  at  one  end. 

It  must  bo  understood  that  this  weight,  and  the  force  expressed  by 
the  number  y,  are  to  be  expressed  in  the  same  unit. 

608  Tabular  statements  of  the  average  transverse  streitglh  of 
beams  —  In  ascertaining  by  experiment  the  average  strength  of  each 
material,  the  aumber  whioh  it  is  important  to  determine  is  therefore 
thj,t  which  IS  here  expressed  by  f,  and  which  may  be  considered  the 
unit  of  itiengtb,  because,  this  being  once  determined,  the  strength 
cf  a  beam  of  the  proposed  materials  of  any  proposed  denominalion 
c  m  be  immediately  computed. 

This  quantity  _f  can  be  determined  by  direct  experiment.  If  the 
amount  of  the  breaking  weight  upon  a  beam  of  ^ven  dimensions  be 
ascertained,  we  shall  know  the  numbers  severally  expressed  hy  W  b  d 
and  a  in  the  preceding  formulae ;  and  in  this  case  ne  shall  have  for  a 
beam  supported  at  both  ends 


and  for  a  beam  supported  at  one  end 


In  practice  it  will  be  found  that  the  valuer  obt^mcd  for  the  number 
/will  be  subjcLt  to  considerable  variations  in  different  e^iennicnt" 
owing  to  casual  in  qualities  and  defects  nhi  h  affect  eaUi  jaiticul^ 
beam  submitted  to  espenment 

The  value  of  f  must  theiefore  foi  each  mateual  be  obfimed  ly 
taking  an  average  of  the  results  f  numuous  expeumcuts  the  casu^ 
inequalities  being  thtrun  made  to  disappear  from  the  result  in  pro 
portion  to  the  numler  dnd  ^allety  of  trials 

609.  TredgoU  =  table  <f  the  fransf  erw  strength  of  metals  and 
woods.  ~In  the  following  table  is  given  the  results  of  a  series  if 
experiments  made  by  Tredgold  upon  the  transverse  strength  of  pns 
matic  beams.  Jhe  numberh  in  the  second  column  re]  resent  the 
Talnes  of  yin  the  piecedmg  foi  mulie,  while  the  numbers  in  the  third 
column  express  the  number  of  lbs.  weight  in  a  cubic  foot  of  the  ma- 
terial under  experiment. 
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/-' 

iSsa. 

1.  Jletils  — 

MuUealile  iron 
Hammeied  icon  .       . 
Cast  lion 

Zinc 

Im             ... 

Leid 

2.  ITou'i    — 

Oik             ... 
Fir  (led  or  jallow) 
Pine  (Ameviean  yelloTJ) 
Fir  (wMte)     . 

17,800 

15^00 
6,700 
5,700 
3,880 
1,500 

8,S60 
4,290 
8,S0O 
3,630 
8,5i0 
a,840 

475 

487 

450 

680 '25 

430'25 

455-7 

709-5 

52 

84-8 

26-75 

29-S 

47-6 

34 

Elm       .        .        . 

61.0,  Barhvi's  talk  of  the  transverse  strength  of  v)ood. — Pro- 
fessor Barlow  of  Woolwich  gives  a  table  of  the  strength,  of  beams  to 
resist  transverse  strain,  from  whioli  the  following  is  extracted.  The 
Lumbers  in  the  second  column  in  this  case  represent  the  same  num- 
ber/ as  those  iu  the  second  column  of  the  preceding  table. 

TABLE. 

Name,  /, 

Teak S,84S 

Poon 8,884 

English  oafe,  1st  speeimen             ....  4,724 

"             2d  apeoimen  ------  6,688 

Caaoiiian  oak 7,064 

Ash         ...        - 8,104 

Eeeeh 6,224 

Elm 4,062 

PitelipmB -        -  6,528 

New  England  fir 4,408 

Riga  fir 4,482 

Mai- Forest  fir 6,048 

Larch   -       .        -        -      , 4,596 

Hoi-waj  spar  -..-----  6,896 

611.  Ejfccl  of  the  distribution  of  the  weight  upon,  the  heam.  — If 
the  weight  producing  the  strain  upon  a  beam,  instead  of  being  con- 

*  Tlie  numbers  given  by  TredgoJd  are  the  values  of 
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centrated  at  a  single  point,  as  supposed  in  the  cases  hero  investigated, 
he  equally  distributed  over  the  wholo  beam,  the  power  of  suspension 
becomes  twica  as  great  as  if  it  wei-e  applied  at  the  middle  point  of 
the  heani. 

It  has  been  also  shown  that  each  point  of  the  beam  has  a  greater 
supporting  power  the  nearer  it  Js  to  eitlier  point  of  support.  It  is 
evidently,  therefore,  advantageous  in  all  atructures,  in  the  distribution 
of  the  weight  upon  them,  to  throw  a  less  quantity  at  the  centre,  and 
to  increase  the  quantity  towards  the  points  of  support.  In  this  man- 
Eer  of  loading,  a  lar  greater,  weight  may  be  placed  near  the  walls 
than  at  the  centre.  In  all  cases,  however,  a  eoncentratioa  of  weight 
at  a  mgle  point  is  to  be  avoided. 

A  shoet  of  ice  which  would  break  nnder  the  weight  of  a  skater 
would  sustain  the  same  skater  if  his  weight  were  equally  distributed 
over  its  surface. 

In  allowing  for  the  weight  of  the  beam  itself,  this  weight  may  he 
considered  as  uniformly  spread  over  its  surface, 

612.  Strength  of  a  beam  increased  hy  partially  sawing  it  trans- 
versely and  imerlifig  a  wedge. — According  to  Peschel,  the  transverse 
strength  of  a,  beam  of  limber  may  be  greatly  increased  by  sawing 
down  from  one  third  to  one  half  of  ita  depth,  and  driving  in  a  wedge 
of  metal  or  hard  wood  until  the  beam  is  forced  at  tie  middle  out  of 
the  horizontal  line,  so  as  ia  form  an  angle  presented  upwards.  It 
was  found  by  such  an  experiment  that  the  transverse  strength  of  a 
beam  thus  cut  to  one-third  of  its  depth,  was  increased  one-nineteenth; 
when  out  to  one-half  of  its  depth,  it  was  increased  one  twenty-ninth; 
and  when  cut  to  three-fourths  of  its  depth,  it  was  increased  ono 


613.  Why  the  strength  of  a  structure  is  diminished  as  its  magni- 
tude is  increased. — It  follows  irom  the  principles  which  have  been 
esplained,  that  if  any  structure  be  increased  in  magnitude,  tlie  pro- 


portion of  ii 


if  its  dimensions 

will  be 

threefold  proportion. 


Lons  being  preserved,  the  s       _ 
squares  of  the  ratio  in  which  it  is  increased.     Thus, 


1  two-fold  proportion,  its  a 
I  fourfold  proportion ;  if  they  be  increased  in  a 
,  its  strength  will  be  increased  in  a  ninefold  pro- 
portion, and  so  on.  But  it  is  to  be  considered,  th^t  by  increasing 
its  sti'ength  in  a  twofold  proportion,  its  volume,  and  c  nse  j  ently  its 
weight,  will  be  increased  in  an  eightfold  proportion  ind  by  m  reas 
ing  its  dimensions  in  a  threefold  propoi-tion,  its  volume  and  we  ght 
will  be  increased  twenty-seven  times ;  and  so  on.  Thus  t  s  ippa 
rent  that  the  weight  increases  in  a  vastly  more  rap  d  pr  pnrti  n  than 
the  strength,  and  that,  coiKequently,  in  such  inorea  e  of  dm  ens  ons 
a  limit  would  speedily  be  attained  at  which  the  we  ^ht  wouH  become 
equal  to  the  strength,  and  beyond  this  limit  the  sf  t  cfuie  would  be 
crushed  under  its  own  weight.  On  the  other  hand  the  more  below 
24  -  7 
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this  limit  the  dimensions  of  the  structure  are  kept,  the  greater  will  he 
the  proportion  hy  which  the  strength  will  exceed  the  weight, 

614.  The  strength  on  the  large  scale  not  to  he  jttdged  hy  that  of 
the  model. — The  strength  of  a  structure  of  any  kind  ia  therefore  not 
to  be  determined  by  ita  model,  which  will  always  be  much  stronger 
vdatiYcly  to  its  size.  All  works,  natural  and  artiilejal,  haye  limits  of 
magnitude,  which,  while  their  materials  remain  the  same,  cannot 
be  exceeded.  Small  animals  are  stronger  in  proportion  than  larger 
ones.  We  find  insects  and  animalcula  capable  of  bodily  activity, 
exceeding  almost  in  an  infinite  degree  the  agility  and  muscular  exer- 
tion manifested  by  the  larger  class :  the  young  plant  has  more  avwl- 
able  strength  in  proportion  tban  the  forest  tree. 

An  admirable  instance  of  beneficence  in  the  consequences  of  this 
principle  is,  that  children,  who  are  so  much  more  exposed 
we  less  liable  to  injury  from  them  than  grown  persons. 
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1.  Two  parallel  forces,  acting  in  the  same  direction,  have  the  magnituilea 
5  and  13,  and  their  poinls  of  application  are  0  feot  distant.  Whaf  is  the 
tiiagnitade  of  their  resultant,  and  its  distanos  from  each  point  of  applica- 
.Ion!  (1S8.) 

9.  If  the  foroes  in  the  previous  qaestion  act  in  opposite  diractions,  what 
is  the  maenituae  and  situation  of  their  resultant^  (159..) 

3.  On  the  supposition  that  the  earth  describes  an  oihit  of  600  millions  of 
miles  in  365J  days,  with  what  volooity  does  it  move  per  second' 

i.  A  sliip  weighing  386,000  lbs,  is  dashed  against  the  rocks  in  a  storm, 
with  a  velocity  of  16  miles  per  hour:  with,  what  raomeiitum  does  it  strikel 
(H8.) 

5.  Suppose  the  battering-ram  of  Titos,  which  weighed  5,760  lbs,,  was 
found  sufficient,  when  impelled,  with  a  velocity  of  11  feet  per  second,  to 
demolish  the  walls  of  Jerusalem;  with  what  velocity  must  a  oannon-ball, 
weighing  33  lbs.,  movo  in  order  to  do  the  same  eseoution! 

6.  A  body  has  been  falling  0  seconds ;  what  space  has  it  fallen  through 
and  what  velocity  has  it  acquired?  (34S.) 

7.  How  far  must  a  body  fall  to  acquire  a -velocity  of  150  feet  per  second? 

8.  What  space  was  described  in  the  last  second  by  a  body  which  has 
fallen  7  seconds  1 

9.  With  what  velocity  must  a  body  be  projected  into  awell  350  feet 
deep,  in  order  that  it  may  arrive  at  the  hottom  in  4  seconds  ? 

10.  A  body  is  projected  perpendicularly  upwards  with  a  velocity  of  200 
feet  pet  second;  how  high  will  it  ascend  J  (254,) 

11.  A  oannon-ball,  being  fired  perpendicularly  upwards,  returned  in  20 
seconds  to  the  place  from  which  it  was  fired ;  how  high  did  it  ascend,  and 
what  was  the  velocity  of  projection  ? 

12.  A  body  isprt^ecled  downwards  with  a  velocity  of  25  per  BECondj 
liow  far  will  it  fall  in  5  seconds  t 

13.  Wishing  to  ascertain  the  difference  in  the  depths  of  two  welts,  1 
dropped  a  stone  into  one  of  them,  and  heard  it  strike  the  water  in  6  seconds ; 
and  then  into  the  other  and  heard  it  strike  in  S  seconds;  what  was  the 
dilTerencs  of  their  depAis,  assuming  the  instantaneous  transmission  of  sound  } 
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H.  What  velocity  will  be  aoqiiiced  by  a  body  in  falling  for  15  seconds 
down  an  inclined  plane,  whose  length  is  Si  times  its  height?   (255.) 

Note. — The  length  of  the  inoUned  plana  is  to  its  height,  as  the  velocity 
acquired  by  a  body  falling  freely  is  to  the  velocity  acquii-ed  by  a  body  falling 
down  the  inclined  plane. 

15.  How  long  would  a  body  be  in  falling  down  an  inclined  piano  whose 
height  is  to  its  length  as  7  to  15,  to  acquire  a  yolooily  of  75  feat  per 
Eeoondl 

15.  The  length  of  an  inclined  plana  is  400  feet,  and  its  height  250  feet: 
through  what  apace  will  a  body  descend  in  3i  seconds?  and  what  velocity 
will  it  acquire? 

17.  A  stone  weighing  4  lbs.  is  whirled  aroand  by  a  string  2  yards  long, 

making  three  revolutions  par  second;  what  is  the  centrifugal  force?  (315.) 

IS.  In  a  lever  of  the  first  kind,  4  feet  in  length,  the  power  is  10  lbs.  nnd 

the  weight  14  lbs.  j  what  must  be  their  lespeclive  dialanees  from  the  ful- 

,„„.  (48B.) 

19.  A  level  of  the  second  kind  is  25  feet  long:  at  what  distance  fromlha 
fulcrum  must  a  weight  of  100  lbs.  be  placed,  so  that  it  may  be  sustained  by 
a  power  of  aO  lhs.% 

20.  Two  persons,  A  and  n,  Bualain  npon  their  shoulders  a  weight  of  200 
iba,,  by  means  of  a  pole  6  feet  long,  the  point  of  suspension  being  3i  feel 
from  a:  what  portion  of  the  weight  does  each  sustain  1  (437.) 

21.  In  the  compound  lever  represented  in  Jig.  07.,  let  the  arms  ir,  s'  r', 
and  a"  f"  be  respectively  7,  13,  and  11  feet;  and  the  arms  t'  p,  p"f',  and 
ws"  respeotively  2,  5,  and  6  ;  what  weight  will  a  power  of  16  Iba.  sustain! 

23.  A  weight  of  100  lbs.  is  suspended  by  a  rope  going  round  an  axle 
whose  radius  is  6  inches;  what  must  be  the  diameter  of  the  wheel,  in 
order  that  the  weight  may  be  kept  in  equilibrium  by  a  power  of  12  lbs.? 
(4(S.) 

23.  A  power  of  14  lbs.  acts  on  a  wheel  9  feel  in  diameter :  what  weight, 
acting  on  an  ailo  of  7  inohea  in  diameter,  will  keep  it  in  efiuilibrium  % 

24.  There  are  two  wheels  on  the  same  axle;  the  diameter  of  one  is  5 
feet,  that  of  the  other  4  feet,  and  the  diameter  of  the  axle  ia  20  inches: 
what  weight  on  the  axle  would  be  supported  by  a  power  of  43  lbs.  on  the 
larger  and  of  50  lbs.  on  the  smaller  wheel  ? 

25.  In  a  differential  wheel  and  axle,  the  diameter  of  the  wheel  is  3  feet, 
the  ditHoeter  of  the  thicker  part  of  the  axle  7  inches,  and  that  of  ihe  thinner 
part  6^  inches;  what  weight  will  a  power  of  60  lbs.  sustain?  (452.) 

25.  What  power  will  be  necessary  to  sustain  a  weight  of  2,387  lbs.,  in  a 
system  of  10  pulleys,  constructed  according  to_^^.  136  ? 

27.  In  a  system  of  pulleys,  represented  in  fig.  134,,  a  power  of  1  lb.  sus- 
tains a  weight  of  138  lbs.:  what  is  the  number  of  pulleys? 

28.  A  man  can  draw  a  weight  of  135  lbs.  up  the  side  of  a  perpendicu- 
lar wall,  20  feet  high:  what  weight  will  he  be  able  to  raise  along  a  smooth 
plank  44  feet  long,  laid  sloping  from  the  lop  of  the  wall?  (478.) 

29.  With  what  force  will  a  weight  of  1,723  lbs,  press  on  an  inclined  plane, 
whose  length  is  55  feet  and  base  44  feet? 
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30.  What  foicc  mosi,  he  exerted  to  sustain  a  too  weight  on  a  Ectew,  Ihs 
thread  of  which  malies  150  revolutions  in  the  height  of  1  foot,  the  power 
being  applied  to  a  lever  6  feat  long?  (495.) 

31.  What  weiglit  can  be  sustained  on  a  sorew  by  a  power  of  3  Iba, 
having  a  leverage  of  3  yards,  the  distance  between  the  threads  being  l 

32.  A  body  is  projected  up  an  inclined  plane  whose  length  is  8  times  its 
height,  with  a  velocity  of  60  feel  per  second  ;  in  what  time  will  its  velocity 
be  dssttoyedi  and  how  far  will  it  ascend  the  plane  ? 

33.  What  is  the  length  of  a  pandaluni,  in  Paria,  which  O|oillatea  twice 
in  I  second^  (540.  and  553.) 

34.  What  is  the  time  of  oscillation  of  a  pendulum  10  feet  long? 

35.  If  the  length  of  the  seaoiida  pendulum  in  New  York  is  39-10158 
inches,  through  what  space  will  a  body  fall  there  in  one  second  1 

36.  What  ivsighl  roight  he  supported  at  the  middle  point  of  a  bar  of  cast- 
iron  10  feet  long,  and  whose  transverse  section  is  3  inches  square,  its  own 
weight  not  being  considered  t  (604.  and  609.) 

37.  In  the  previous  example,  determine  what  weight  might  be  supported, 
if  the  weight  of  the  bar  were  considered  ? 

38.  According  to  Tredgold's  experiments  (609.)  what  must  be  the  length 
of  abeam  ofoalt,  3  inches  square,  and  supported  at  both  ends,  which  is  just 
capable  of  beadng  its  own  weight?  (611.) 

39.  A  boat  weighing  350  lbs.  is  moving  al 
at  what  rate  would  it  move  if  it  were  cot 
schooner  weighing  120  tons  and  moving  3  mi 

40.  A  cylindrical  bar  weighing  140  lbs.  and  7  feet  long,  is  omployad  a: 
a  ISver  to  raise  a  weight  of  S  tons.    The  fulctu     ■    -  '  -    -         ■  ■  ■ 
Taking  into  consideration  the  weight  of  the  let 
amount  of  the  power? 

Note. — The  weight  of  tho  lever  must  be  regarded  as  a  power  applied  at 
the  centra  of  gravity  of  the  lever;  which  in  this  case  is  2  ft.  from  the  ful- 

41.  A  body  weighs  II  pounds  at  one  end  of  a  false  halanoe,  and  17  lbs. 
3  oz.  at  the  other  :  what  is  the  real  weight  1 

Notej — A  falsa  balance  is  an  ordinary  pair  of  scales  whose  arms  are 
unequal.  Sueh  a  balance  is  used  for  fraud,  the  article  to  be  sold  being 
placed  in  tho  scale  attached  to  the  longer  arm. 

Let  p  be  the  arm  to  which  the  11  lbs.,  and  vi  that  to  which  the  17  Ilia, 
3  oz.  is  attached.     Call  the  article  to  be  weighed  w. 
Then  nxp  =  wXtv: 

and  17^XtP  =  wXp. 

By  multiplying  tliese  two  equations,  we  got 

11  X  17-,'jX3)X  tii  =  -w2  XpX  i«; 
or,  nx^lj%~w'^; 

Conseiiuenlly       -/ll  X  nj^  =  w. 
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Hence,  to  aaoertaio  the  true  weighl  of  a  Bivbstance  by  means  of  a  false 
balance,  weig/i  the  Matance  m  both  scaks,  nrnUyily  these  tvm  faUe  weights  to- 
gether, and  take  the  sqimre  roof  0/  the  product, 

42.  A  ball  weighing  650  lbs.  is  moving  at  the  uniform  rate  of  30  milea 
pec  hour,  when  it  is  oveylakBn  by  a  ball  of  50  lbs.,  moving  160  miles  per 
hour:  whal  will  be  the  common  velooiry  of  both  balls  after  collision? 

43.  What  must  be  the  length  of  a  pendulum  which  shall  oaoillata  SO 
times  in  a  second  at  New  York?  (see  Question  35.) 

44.  What  must  be  the  length  of  an  inclined  plane,  whose  height  19  15 
feet,  tliat  the  exeriion  of  42  pounds  ehall  draw  up  300  pounds  ? 

45.  If  a  cord,  which  runs  over  3  moveable  pulleys,  be  attached  10  an 
Bxle  4  inches  in  dismeter,  the  wheel  of  the  axle  being  38  inches  in  diame- 
ter, and  a  power  of  20  pounds  be  exerted  at  the  circumference  of  the  wheel, 
wliat  weight  would  be  raised  under  the  pulieya? 

46.  Suppose  a  power  of  48  pounds  is  to  be  employed  to  raise  a  weight 
of  5,000  pounds,  by  means  of  a  screw  whose  threads  are  1*3  inches  apart; 
what  must  bo  the  length  of  llie  lever,  allowing  J  of  the  power  to  be  lost  in 

47.  A  body  is  prtgected  perpendicularly  upwards  with  a  velocity  of  350 
feet  pet  second ;  how  far  will  it  rise  in  3  seconds  1  and  what  will  be  its 
velocity  then* 

48.  In  a  press  like  that  represented  inji^,  154.,  the  balis  each  weigh  S50 
pounds,  and  their  centres  are  5  feet  1  inch  from  the  axis;  the  threads  of 
the  screw  are  1|  inches  apart;  and  the  balls  make  two  revolutions  par 
second ;  what  force  will  be  exerted  by  the  end  of  the  screw  ) 
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BOOK  THE  FOURTH. 

MECIIAHIOAL    PllOPEETlES   OP   LIQUIDS. 


THS  TRANSMISSION  t 

615.  The  liquid  state  defined. — The  liquid  state  Iiaa  already 
been  defined  to  be  that  in  whioli  the  constituent  molecules  of  the 
body  manifest  Eeither  cohesion  nor  repulsion,  Tiiey  Jiave  no  ten- 
deocy  lite  those  of  a  solid  to  cohere,  and  are  separated  by  the  least 
force  applied  to  them;  neither  haveithey,  on  ^e  other  hand,  any 
tendency  like  those  of  a  gas  to  repel  each  other  and  fly  asunder. 
The  particles  composing  a  mass  of  Kquid  lie  in  juxtaposition,  each 
affeoted  merely  by  ita  own  gravity. 

These  obaervatdous  would  equally  apply,  however,  to  a  collection 
of  fine  sand  or  dust,  and  it  may  therefore  be  asked  in  what  respects 
such  a  mass  differs  from  a  liquid.  The  particles  composing  a  liquid 
differ,  in  the  first  place,  from  those  compMing  a  mass  of  saod  or  dust 
in  being  infinitely  small,  A  solid  body  can  be  reduced  to  no  powder 
so  impalpable,  but  that  the  separate  grains  of  it  may  be  individually 
oontamplated  and  ascertained  to  possess  all  the  characters  of  a  solid 
body.  This  is  not  the  case  with  the  particles  of  a  liquid  which  ad- 
mit of  unlimited  subdivision,  each  part  so  divided  still  contiauing  to 
possess  all  the  character  of  a  liquid. 

But  independently  of  this,  the  particles  of  a  liquid  have  the  fur- 
ther quality,  in  which  they  are  disldnguished  from  a  pulverized  solid, 
of  moving  amongst  each  other  without  friction.  There  is  no  powder 
so  fine  or  impalpable  as  to  possess  this  property.  The  particles  of  a 
liquid,  on  the  contrary,  possess  it  in  the  most  absolute  manner. 

616.  Liquids  trammit  pressure  in  all  directions.  —  From  this 
absolute  freedom  of  motion  amongst  each  other,  and  total  absence  of 
friction,  may  be  inferred  the  fact  that  liquids  are  capable  of  transmit- 
ting  pressure  equally  in  every  direction,  a  quality  whioh  may  be  con- 
adered  as  the  fundamental  mechanical  property  of  these  bodies,  and 
one  from  wtiot  all  the  circumstances  attending  the  mechanical  phe- 
nomena of  liquids  will  follow. 

291 


<Ktoi..,Coo^lf 


Fig.  170. 

pass  by  tbe  pistoE  in  the    jl    d 

As  we  have  supposed  th    1  q 

will  have  no  tendency  t    p 

if  any  pressure  whatever  s 


MECHAKICAL  PROPERTIES  OF  LIQUIDS. 

To  explain  ttis  property  of  the 
free  traBsmission  of  pressure,  let  us 
suppose  a  vessel  A  B  o  D  E  P,  Jig. 
170.,  of  any  form  wlmfever,  to  be 
filled  with  a  liquid  wbieb  we  shall 
suppose  for  the  present  to  be  divest 
ed  of  weight. 

Let  a  small  circular  aperture 
having  the  magnitude  of  a  square 
inch,  be  made  in  each  of  the  sides 
of  this  vessel  at  a,  h,  c,  d,  e,f,  and 
let  a  smaD  cylinder  be  imagined  to 
be  inserted  in  each  of  these  aper- 
ture in  which  a  piston  is  fittpd  so 

t   b  t,  t  w  th  th   i  qui] 

d       th  t  tl     hi   d    hall      t 

ts  If  t.  1:    d       (  d    f  w  ght    t 
f  th    p  t  tw    1       N  w 

mpl  p      d  w  gl  t  p   3sm 

3  it  inwaids,  it  will  be  found  that  Si  the  other 
pistons,  h,  c,  d,  e,f,  will  immediately  be  forced  outwards,  and  that 
the  force  necessary  to  resist  this  tendency  would  be  one  pound;  so 
that  when  the  piston  a  is  pressed  inwards  with  a  force  (if  one  pound, 
it  would  be  necessai'y  to  apply  a  like  force  pressing  inwards  to  each 
of  the  other  pistons  to  keep  them  in  their  places.  It  follows  from 
this,  that  a  pressure  of  one  pound  applied  at  a  exerts  a  corresponding 
pressure  of  one  pound  against  the  inner  suriaee  of  each  of  the  pis- 
tons 6,  c,  d,  e,f.  But  the  same  would  be  true  whatever  positions 
the  pistoBs  b,  c,  d,  e,  f,  might  have ;  and  it  follows,  therefore,  that  a 
pressure  of  one  pound  eserted  upon  the  square  inch  of  surface  form- 
ing the  base  of  tbe  piston  a,  will  produce  a  pressure  of  one  pound 
upon  every  square  inch  of  the  interior  of  the  surface  of  the  vessel 
containing  the  liquid. 

This  property  of  transmitting  pi-easure  equally  and  freely  in  every 
direction,  ia  one  in  virtne  of  which  a  liquid  becomes,  in  the  strictest 
sense  of  the  term,  a  machine. 

617.  The  hydrostatic  paradox  no  paradox.  —  Some  of  the  effects 
w)iic!i  are  consequent  upon  it  ai-e  so  surprising  and  unespected  that 
they  have  acquired  for  it  the  generally  known  title  of  tl 
parados;  There  is,  however,  in  this  effect  nothing  mi 
of  the  title  of  paradox  than  is  to  be  found  in  the  effects  of  all  other 
m*\cbinery 

Uoe  of  the  forms  under  which  the  hydrostatic  parados  is  commonly 
picaented  i'^  ths,  following:  LetABOD,  j^^.  171.,  be  a  close  vessel 
filkd  with  watti 
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Lpt  0  bp  a  cylinder,  liaYJng  in  it  a  piston 
p,  till,  aita  of  whose  base  is  one  square  inch; 
md  lot  o  be  another  cylinder  haying  in  it 
a  piiton  p ,  the  ai-ea  of  whose  base  ia  1000 
s'luare  inches.  According  to  what  has  been 
stated,  a  pressure  of  1  lb.  acting  on  the  piston 
p  will  pioduee  an  outward  pressure  of  1000 
lbs  acting  on  the  piston  p',  so  that  a  weight 
of  1  lb  resting  upon  the  piston  p  would  sup- 
port a  weight  of  1000  lbs.  resting  upon  the  piston  p'.  Now,  if  the 
piston  p  be  moYed  downwards  with  a  force  of  1  lb.,  the  piston  p', 
loaiJed  with  1000  lbs,,  would  be  raised. 

There  is,  iieveL-tbeles.i,  in  these  fiicts,  nothing  contrary  to  what 
might  be  inferred  from  the  common  principles  already  esplained  as 
governing  the  effects  of  mechanical  force.  Tho  action  of  the  forces 
here  supposed  differs  in  nothing  from  that  of  like  forges  acting  on  a 
lever  having  nnec[ual  arms  in  the  proportioli  of  1  to  1000  A  weight 
of  1  lb.  acting  on  the  long  m  f  hi  w  Id  pp  t 
or  raise  a  weight  of  1000  lb         t  th      h  rt        rm      Th 

liquid,  in  the  present  case,  p    f   m    th     fS       f  th    1  d  tl 

inner  surface  of  the  vessel        t        gtprfn      th      ffi.       fth 
fulcrum. 

Nor  is  there,  in  the  fact  th  t  1000  lb      n  th    p  t      p  d 

by  the  descending  force  of  1  Ih.  n  th  p  ton  ,  a  jth  g  ■fth  oh 
might  not  be  naturally  expected.  If  the  piston  p  descend  one  inch,  a 
quantity  of  water  which  occupies  one  inch  of  the  cylinder  o  will  be 
expelled  from  it,  and  as  the  vessel  A  E  0  ]>  is  filled  in  every  part,  the 
piston  P'  must  be  forced  upwards  until  space  is  obtained  for  the  water 
which  has  been  expelled  from  the  cylinder  0.  But  aa  the  sectional 
area  of  the  cylinder  o'  is  1000  times  greater  than  that  of  the  cylinder 
o,  the  height  which  the  piston  p'  must  be  raised  to  give  this  space 
win  be  1000  times  less  than  that  through  which  the  piston  p  has 
descended  J  therefore,  while  the  weight  of  1  lb.  on  P  has  been  moved 
through  one  inch,  the  weight  of  1000  lbs.  on  p'  wUl  he  raised  through 
only  the  y^'a^th  part  of  an  inch.  If  this  process  were  repeated  a 
thousand  times,  the  weight  of  1000  lbs.  on  p'  would  be  raised  through 
one  inch ;  hut  in  accomplishing  this,  the  weight  of  1  lb.  acting  on  p 
would  be  moved  successively  through  1000  inches.  The  mechanical 
action,  therefore,  of  the  power  in  this  case  is  espreaaed  by  the  force 
of  1  lb.  acting  successively  through  1000  inches,  while  the  mechanical 
effect  produced  upon  the  resistance  is  expressed  by  1000  lbs.  raised 
through  one  inch. 

Now,  it  is  evident  that  in  this  there  is  nothing  really  paradosieal 
or  difficult. 

If  the  power  could  act  directly  on  the  1000  lbs.  which  rest  upon 
the  piston  p',  and  could  separately  raise  them  pound  by  pound  one 

25*  m      I 
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iuelij  it  would  accomplish  the  same  mechanical  effect  without  the  la- 
strumentality  of  the  hydrostatic  apparatus  here  deaci'ibed. 

618.  Sramah's  kydroslalic  press.  —  An  engine  founded  on  this 
principle  is  well  known  as  the  hydrostatic  or  hydiaulio  press,  and  ia 
sometimes  denominated,  from  tlie  engineer  who  gave  it  its  present, 
form,  and  hrought  it  into  general  use,  a  Bramah's  press.  This 
machine  is  represented  in  _fig.  172. 

A  piston  or  plunger  A,  playing  through  a  water-tight  collar,  moves 
in  a  small  cylinder  c.  At  the  bottom  of  this  cylinder  there  is  a 
e  B,  which  opens  upwards,  and  communicates  witk  a  pipe  which 
■  !r  placed  under  the  apparatus. 


Fig.  173. 
In  the  side  of  the  cylinder  c,  there  is  a  narrow  tuhe,  which  com- 
municates at  E  with  another  cylinder  c',  of  much  largei-  dimensions, 
in  which  there  is  likewise  a  plunger  a',  moving  in  a  water-tight  collar, 
and  supporting  a  strong  iron  plate,  surrounded  by  a  strong  framework 
K  I  H  G.  When  the  plunger  a'  is  forced  upwards,  any  object  which 
may  he  placed  between  the  plate  whioh  it  supports  and  the  top  of 
the  fnunework  will  be  submitted  to  a  proisaure  proportional  to  the 
force  with  whioh  the  plunger  a'  is  urged.  In  the  tube  d  e,  there  ia 
294 
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a  valve  0  which  opens  towards  the  greater  eylinder  c';  and  in  the 
same  tube  there  is  also  a  coclt  p,  by  which  a  eommunication  between 
the  cylinder  c'  and  the  reservoir  of  water  caa  he  established  at  plea- 
sure. The  rod  a  of  the  small  plunger  is  connected  at  x  with  a  lever 
L  M,  which  works  on  a  fulerura  at  M ;  and  the  press  is  worked  by 
riusing  and  depressing  this  lever,  which  operation  is  attended  with  a 
process  which  we  shall  now  describe. 

Suppose  the  water,  if  thero  be  any  in  the  great  cylinder  c',  to  be 
diaoharged  into  the  reservoir  by  the  oook  p,  a  process  which  will  ne- 
cessarily take  place  on  opening  the  cock  p,  because  in  this  cise  the 
weight  of  the  plunger  A'  wiU  force  the  water,  which  is  under  and 
around  it,  through  the  passage  E,  and  through  the  open  cock  p,  into 
the  reservoir.  The  water  in  that  case  conld  not  pass  hack  through 
the  valve  o,  because,  as  has  been  already  esplwned,  that  valve  opens 
towards  the  cylinder  c',  and,  oonsefjnently,  me  pressure  produced  by 
the  plunger  a'  acting  upon  it  would  only  hold  it  more  firmly  closed. 

Let  us,  then,  suppose  both  pistons  to  foe  at  the  bottom  of  their  re- 
speclive  cylinders,  the  cock  p  being  closed.  If  the  lever  l  be  now 
raised,  the  piston  a  will  be  elevated,  and  an  action  will  take  place 
similar  to  that  of  a  common  pump,  in  cousef]uence  of  which  water 
will  be  drawn  up  from  the  reservoir,  and  will  fill  the  barrel  of  the 
cylinder  C.  This  water  cannot  return  to  the  reservoir,  because  the 
valve  B,  opening  upwards,  is  only  held  more  firmly  closed  by  any 
pressure  exerted  upon  the  water  in  the  eylinder. 

Let  the  levgr  l  he  now  pressed  down;  the  water  in  the  cylinder 
will  be  foi-ced  by  the  plunger  through  the  valve  0  and  through  the 
tube  D  E  into  the  great  cylinder  o'.  By  continuing  this  process,  a 
quantity  of  water,  equal  to  the  volume  of  the  plunger  A,  will  be  forced 
at  each  stroke  from  the  cylinder  C  into  the  cylinder  c'.  In  this  action, 
the  pressure  upon  the  plunger  a  will  be  transmitted  to  the  plunger  A', 
augmented  in  the  proportion  of  the  magnitude  of  the  sectional  area 
of  the  one  to  that  of  the  sectional  area  of  the  other. 

Thus,  if  the  sectional  area  of  the  plunger  a'  be  1000  times  that 
of  the  plunger  A,  a  pressure  of  10  lbs.  produced  upon  A  will  trans- 
mit a  pressure  of  10,000  lbs.  to  a'.  During  the  operation  of  the 
machine  in  the  intervals  of  the  ascent  of  the  plunger  A,  its  action 
upon  a'  is  suspended,  aud  if  the  tube  D  e  were  open,  a'  would  press 
the  water  back  into  lie  cylinder  c,  and  render  abortive  the  action  of 
the  machine,  since  every  upward  motion  of  the  plunger  a',  produced 
by  the  descending  stroke  of  the  plunger  A,  would  be  neutralized  hy 
an  equal  descending  motion  during  the  upward  stroke.  This  is  pre- 
vented, however,  by  the  valve  o,  which  opens  towards  the  cylinder 
c',  aad  prevents  the  return  of  the  water  into  the  cylinder  c,  and  its 
passage  into  the  reservoir  through  the  cock  P  is  prevented  hy  that 
oook  heing  previously  closed. 

It  will  oe  perceived,  therefore,  that  the  valve  o,  in  this  case,  4is- 
B  295 
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charges  the  fiinotion  of.  a  ratchet-wheel,  allowing  the  motion  of  tha 
fluid  iu  one  direction,  but  obstructing  it  in  the  other. 

When  it  is  required  to  release  the  object  suhniitted  to  the  action 
of  the  press,  the  cock  P  is  opened,  the  weight  of  the  plunger  a'  then 
forces  the  water  through  the  passage  b,  aad  through  the  open  cock  p, 
into  the  reservoir,  and  the  plunger  A'  descends. 

It  is  evident  that  tlie  power  of  the  machine  is  augmented  by  the 
mechanical  effect  of  the  lever  t  M. 

It  has  been  shown  that  a  force  of  10  lbs.  acting  upon  the  small 
plunger  will  produce  a  force  of  10,000  lbs.  upon  the  great  one;  and 
if,  in  addition  to  this,  the  large  arm  of  the  lever  I.  M  he  tea  times 
the  length  of  the  short  arm,  a  force  of  1  lb  a  h  x  ty  of  the 
former  wil!  produce  a  force  of  10  lbs.  on  h  pi  g  U  der  such 
circumstances,  therefore,  a  moving  power  of  1  lb  p!  d  t  the  ex- 
tremity of  the  working  lever  will  produce  a  j  f  10,000  lbs. 
upon  the  great  plunger. 

The  advantage  of  the  hydrostatic  prea  w  i     sses,  and 

those  constructed  upon  mechanical  princ  pi  h  he  former, 

the  force  lost  by  friction  is  comparatively  inconsiderable,  being  limited 
to  the  friction  of  the  plungers  in  the  cylinders. 

619,    The  hydrostatic  belloios. — The  apparatus  called  the  hydros- 
tatic bellows,  represented  in  fig.  173,  acts 
r  upon  the  same  principle. 

Two  boards  b  o  and  d  e  are  united  hv  a 
flexible  cloth,  lite  a  common  bellows.  The 
vertical  tube  t  communicates  with  the  in- 
terior, through  the  short  pipe  b,  at  tight 
aagies  to  it,  which  is  also  supplied  with  a 
stop-cock,  by  which  the  water  contained  in 
the  bellows  may  be  discharged.  The  appa- 
ratus being  empty,  let  it  be  loaded  with  the 
weights  W,  and  let  water  be  then  poured  in 
at  the  funnel  f;  as  the  bellows  fills,  tha 
weights  will  be  raised,  and  the  weight  of  a 
small  column  of  water  in  the  vertical  pipe  t 
will  be  capable  of  supporting  a  weight  upon 
the  board  B  c,  greater  than  the  weight  of  the 
water  in  the  pipe,  in  the  same  proportion  aa 
the  area  of  the  board  B  0  is  greater  than  the 
sectional  area  of  the  bore  of  the  pipe.  Thus, 
if  wo  suppose  the  area  of  the  bore  of  the 
pipe  to  be  a  quarter  of  an  inch,  and  the 
area  of  the  board  to  be  a  square  foot,  then  the  proportion  of  the  pipe 
to  the  area  of  the  board  will  he  that  of  1  to  576;  consequently,  the 
weight  capable  of  being  supported  by  the  board  will  be  576  times  the 
weight  of  the  water  cootaiaed  in  the  pipe. 


Fig.  173. 
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620.  Tran  nission  of  prtisure  hy  v.aier  sugge  ted  as  a  lele 
graphic  agent  — Tiiis  pcvi,i  ot  liquids  to  tranamit  pre  'iuie  to  1  d  a 
tanee  waa  piopo  el  as  a  means  of  teSeyaphic  comumnii-atioii  before 
tli6  inyention  of  the  electric  telegraph 

It  was  proposed  that  small  water  pipes  should  1  e  b  ined  ilong  the 
lines  of  raal  anl  that  i  jjressure  iriduced  upon  tlio  column  of 
water  at  jnj  one  place  being  tnnsmitted  to  any  other  jlaoe  howCTei 
distant,  should  bo  used  as  a  "ignal  Thus  if  a  tube  filled  with 
water  estendel  from  Lonlon  to  Ldinl  nigh  a  pteaaure  ezerted  oa  the 
liquid  at  the  end  of  the  tube  at  Jjondon  would  cause  a  correipondiiig 
pressure  or  motion  at  the  end  of  the  column  at  Edinburgh,  no  matter 
what  might  be  the  course  of  the  tube  betweeu  the  two  places,  whether 
strwght,  curved,  or  angular,  and  whether  the  pipes  proceeded  down- 
wards, obliquely,  or  horizontally,  or  whether  they  ware  carried 
through  the  walla  of  a  building,  or  the  course  of  a  river,  or  under, 
over,  or  around  any  obstruction  or  impediment  whatsoever. 

The  same  property  of  transmitting  pressure  has  been  proposed  to 
b  appl  ed  to  le  e  al  p  irposea  wl  ere  t  s  requ  red  to  p  ol  ce  a  pres 
b  e  on  a  me  nte  nal  pa  t  wh  oh  cannot  be  apjroathed  excej  t  by  a 
flex  b!e  tube  fhro  gh  wh  ch  an  n  trument  cannot  safe  y  or  con 
ven  ently  be  mserted 

b'>l  Example  of  lydro  at  o  press  re  m  le  c  evlat  on  of  tie 
blood  — The  anmal  ecnnonv  iippl  es  an  es  n  [1  f  the  hw  of 
1  jd  tat  cs  as  tr  k  ng  as  that  wh  cl  the  skeleton  exh  b  of  the 
1  w   of  n  eehan  cs 

Tie  he  rt  f  om  whoh  tbe  11  od  e  s  ii.led  to  all  j.'*  ts  f  the 
syst  ID  a  in  organ  endue  1  t  th  great  p  tv  s  f  espan  oa  and  con 
ti  action. 

When  it  is  contracted,  a  pressure  is  exerted  upon  the  blood  in  im- 
mediate contact  with  the  muscles  of  the  heart,  by  which  that  fluid  is 
driven  through  the  arteries,  pressing  forward  the  blood  which  already 
fills  those  canals  into  the  veins.  These  various  pipes  and  conduits 
are  formed  of  an  elastic  material,  and  supplied  with  valves,  like  the 
valve  o  in  the  hydrostatic  press,  which  prevent  the  reflux  of  the 
blood.  These  valves,  therefore,  by  their  reaction,  form  so  many  ful- 
crums,  from  which  the  contractile  force  of  the  vessels  containiog  the 
blood  derive  their  effect;  and  the  motion  of  this  fluid  ia  thus  con- 
tinued through  the  veins  aud  returns  to  the  heart.  The  muscular 
power  of  the  heart  to  exert  pressure  on  the  blood,  is  illustrated  by  a 
striking  experiment  recorded  by  Dr.  Hales  in  his  statical  essays.  A 
vertical  tube  waa  put  in  communication  with  the  arterial  blood  of  an 
animal.  The  fluid,  yielding  to  the  pressure  received  from  the  heart, 
rushed  into  the  tube,  and  rose  to  a  certain  height  proportioned  to  the 
pressure.  This  height  was  found  to  vary  in  different  animals,  being 
greater  in  the  larger  than  in  the  smaller  classes.  In  the  horse,  a 
column  of  tea  feet  was  supported ;  in  the  human  body,  the  height  of 
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tlie  column  was  but  eight  feet.  The  pressure  of  the  venous  blood 
was  less  than  that  of  the  arterial,  as  might  have  been  anticipated;  in 
the  huma,n  species  ita  pressure  sustaining  only  a  column  of  six 
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622.  Effect  of  ihe  weight  of  a  liquid.  —  The  property  by  which 
liquids  transmit  pressure  freely  in  every  direction  being  understood, 
the  manner  in  vfhioh  this  property  modifies  the  effeota  of  their  owa 
weight,  and  distinguishes  them  from,  those  which  attend  the  weights 
of  solid  bodies,  remains  to  be  explained. 

If  a  solid  body  be  placed  in  a  vessel  Laving  a  horizontal  bottom 
and  upright  sides,  and  so  corresponding  ia  shape  to  the  body  that  the 
latter  shall  exactly  fill  it  as  a  plug  woiSd  fill  a  tube,  the  effect  of  the 
weight  of  such  a  body,  placed  in  snob  a  vessel,  would  be  to  press  with 
its  whole  force  upon  the  horizontal  bottom,  no  pressure  whatever 
being  exerted  on  the  sides.  If  in  such  a  case  the  sides  were  detached 
from  tho  vessel,  the  body  contained  in  it  would  remain  undisturbed, 
pressing  upon  the  bottom  as  before. 

But  if  we  suppose  the  body  thus  contained  in  the  vessel  fo  be 
liquefied,  we  shall  then  be  unable  to  remove  the  sides  without  totally 
disiUTanging  the  state  of  the  body;  since,  the  moment  the  body 
becomes  liquid,  the  sides  will  have  to  resist  the  tendency  of  its  com- 
ponent particles  to  fall  asunder,  which  tendency  was  before  resisted 
by  that  mutual  cohesion  which  constitutes  the  chai'acter  of  solid 
bodies. 

The  change  from  solid  to  liquid  would  in  this  case  make  no  change 
in  the  prissure  produced  upon  the  horizontal  base  of  the  vessel ;  but 
the  pressure  on  the  sides  will  depend  on  conditions  determined  by  the 
depth  of  the  particles  of  fluid,  which  we  shall  now  esplain. 

Let  A  B  c  D,  jig.  174.,  be  such  a  vessel  as  is  above  described,  B  0 

IB     being  the  horizontal  bottom,  and  A  b  and  D  c 
^  I  p  vertical  sides.     If  it  be  filled  with  a  solid  body  of 

[    i  ^'^^  "^""^  form,  tho  upper  surface  of  which  e  p  ia 

,.™_! L_ o  level  and  parallel  to  the  bottom  b  o,  this  body 
"  I     will  press  upon  the  bottom  b  a  with  the  full 

amount  of  ita  weight,  and  no  pressure  whatever 
1     will  be  exerted  on  lie  perpendicular  ddes  A  B 
n  c     and  D  0.     But  if  such  body  be  liquefied,  a  pres- 

Fig.  n-i.  sure  will  immediately  take  place  on  aU  the  sides, 

the  pressure  on  the  bottom  remaining  the  same  as  b  " 
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Let  0  be  a  part  of  a  level  stratum  of  the  liquid,  whicli  we  shall 
suppose  to  haTe  the  magnitude  of  a  square  inch,  and  to  he  placed  at 
any  part  withia  the  dimensions  of  the  liquid.  It  is  evident  that  the 
Buvfiice  o  will  sust^n  directly  the  pr^sure  of  the  vertical  column  of 
liquid  o  P,  which  is  immediately  above  it,  extending  from  the  surface 
of  the  liquid  downwards  to  0.  This  pressure  will  be  equivalent  to 
the  weight  of  the  column  —  that  is  to  say,  of  as  many  cubic  inches  of 
the  liquid  aa  there  are  inches  in  the  depth  of  the  stratum  o  below  tha 
level.  It  appears,  therefore,  evident,  that  every  square  inch  of  any 
stratmn  of  the  liquid  must  sustain  a  downward  procure  equal  to  the 
weight  of  a  column  of  the  liquid  whose  base  is  a  square  inch,  and 
whose  height  is  equal  to  the  depth  of  the  proposed  stratum. 

But  ^noe  this  downward  pressure  is  transmitted  equally  in  every 
direction  (616.),  it  is  clear  that  it  will  be  transmitted  to  the  sides  of 
the  vessel,  and  will  act  upon  them  laterally  with  the  same  force  as 
that  with  which  it  acts  downwards;  consequently  it  follows,  that  a 
square  inch  of  the  vessel  at  o',  in  the  same  level  stratum  with  o,  wHl 
sustain  a  pressure  perpendicular  to  the  surface  of  (he  same  amomit. 

623.  Pressure  of  a  liquid  contained  in  a  vessel  proportional  to 
t!i£  depth.  ~  It  follows,  therefore,  in  general,  that  each  square  inch 
of  t/ie  surface  of  a  vessel  containing  a  liquid  ts  pressed  by  a  force, 
perpendicular  to  sucli  surface,  equal  to  the  weight  of  a  colnmn  of 
the  liquid  whose  hase  is  a  square  inch,  and  lekose  height  is  equal  to 
the  depth  of  the  point  of  the  surface  in  question  heloio  the  level  of 
the  Jluid. 

In  fig.  174.  the  sides  of  the  vessel  are  represented  to  be  perpen- 
dicular, but  the  same  reasoning  will  be  applicable,  whatever  be  their 


Fig.  175.  Fig.  176. 

position.  Thus,  if  they  diverge  from  the  bottom,  as  in  fig.  175., 
the  pressure  produced  upon  a  square  inch  of  the  surface  of  the  side 
at  o'  will,  for  the  same  reason,  be  equal  to  the  weight  of  a  column  of 
the  liquid  whose  height  is  equal  to  the  depth  of  the  point  o,  and 
whose  base  is  a  square  inch. 

Again,  if  the  sides  converge,  as  in  fig.  175.,  the  same  pnncipie 
will  obtain. 
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624.  Ea^enmental  proof  of  this.  —  There  are  other 
expedients  by  which  this  pressure  of  liquids  proportional 
to  their  depth  can  be  verified  esperim  en  tally. 

Let  AS,  Jig.  177.,  be  a  strong  metallic  cylinder,  open  at  A 
and  closed  at  b,  in  which  a  piston  0  moves  water-tight,  and 
rests  upon  a  spiral  spring  extending  to  the  bottom  B,  so 
that  any  force  tending  to  press  the  piston  downwards  is 
reristed  by  the  elasticity  of  the  spring.  If  such  an  instrii- 
ment  be  plunged  to  any  depth  in  a  liquid,  the  piston  will 
be  pressed  inwards  with  a  force  corresponding  to  the  pres- 
sure of  the  liquid. 

Now  it  is  found  by  experiments  made  with  this  instni- 
1  ment,  that  the  pressure  which  urges  the  piston  from  o  towards 
Fie  177  ""  '^  always  equal  to  the  weight  of  a  column  of  the  liquid  in 
which  it  is  immersed,  whose  base  is  eqnal  to  the  magnitude  of 
the  piston  C,  and  whose  height  is  equal  to  the  depth  of  the  piston  below 
the  surfeoe  of  the  liquid.  It  is  further  proved,  that  this  pressure  is  equal- 
ly exerted  in  every  direction,  becanwe  the  piston  will  act  against  the  spring 
with  the  same  force,  in  whatever  powtion  the  instrument  may  be  placed. 
If  it  be  placed  vertically  with  the  open  end  A  upwards,  it  will  indi- 
cate the  downward  pressure  of  the  Hquid ;  if  it  be  placed  vertically 
with  the  end  b  upwards,  it  will  indicate  the  upward  pressure  of  the 
liquid  j  if  it  be  placed  with  the  length  A  B  horizontal,  it  will  indicate 
the  lateral  pressure;  and  in  all  intermediate  positions  it  wiO  indicate 
the  pressure  in  every  other  possible  direction. 

In  all  these  cases,  the  piston  will  compress  the  spring  to  the  same 
point,  whatever  direction  be  given  tO'  the  instrument,  provided  only 
the  piston  0  be  kept  at  the  same  depth. 

625.  Pressure  on  the  bollma  of  a  vessel  —  From  what  has  been 
just  established,  it  follows  that  the  pressure  upon  any  part  of  the 


surfeice  of 


containing  a  liquid  which  is  horiaontal  will  be 
uniform,  and  will  be  equal  to  the  weight  of  a 
column  of  the  liquid  whose  base  is  equ^  to  the 
lower  surface,  and  whose  height  is  equal  to  the 
depth  of  such  surface  below  the  level  of  the 
liquid ;  and  in  this  case  it  must  be  observed,  that 
it  is  not  necessary  that  a  column  of  the  Uquid 
should  be  actually  above  the  surface  in  question. 
This  consequence  leads  to  another  form  under 
which  the  hydrostatic  paradox  presents  itself. 

626.  Another  form  of  the   hydrostatic  para- 
dox. —  Let  A  B  c  D,  fg.  178.,  be  a  close  vessel, 
■pi     ^-.g  with  a  small  hole  o  on  the  top,  in  which  a  narrow 

tube  T  o  is  screwed,  water-tight.  Let  the  vessel 
D  and  the  tube  t  0  be  filled  with  water.  According  to  what 
een  established,  the  pressure  on  the  bottom  C  D  will  be  equal  to 
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tlio  weight  of  a  column  of  water  whose  base  would  be  equal  to  the 
area  of  the  bottom  c  D,  and  whose  height  would  be  T  M ;  that  is,  it 
would  be  equal  to  the  quantity  of  water  which  would  fill  a  vessel 
whose  base  is  c  d,  hsTing  perpendicular  sides  B  E  and  0  F,  and  whose 
height  is  D  E.  This  will  be  true,  however  shallow  the  vessel  A  B  o  D, 
and  howeyer  narrow  the  tube  t  o,  may  be;  and  hence  an  indefinitely 
small  quantity  of  water  may  be  made  te  produce  a  pressure  on  the 
bottom  of  the  vessel  which  contajns  it,  eqaal  to  the  weight  of  any 
quantity  of  water,  however  great.  As  the  pressure  depends  only  on 
the  depth  of  D  o  below  the  level  of  the  water  in  the  tube  T  o,  it  is 
uot  necessary  that  the  tibe  T  o  should,  be  straight;  it  may  be  bent  or 
deflected  in  any  direction  or  form  whatever ;  but  whatever  be  its  shape, 
the  depth  of  the  fluid  which  determines  the  pressure  is  te  be  estimated 
by  the  perpendicular  distance  of  ite  upper  surface  in  the  tube  from  tiie 
bottom  of  the  vessel. 

627.  Pressure  on  the  side  of  a  vessel — If  any  part  of  the  surface 
of  a  vessel  containing  a  liquid  be  not  horizontal,  the  pressure  against 
lis  different  paits  will  \ary  accordmg  to  their  depth.  Let  abcd, 
^  Jig  17'?  ,  be  a  vessel  with  a  flat  bottom  and 

peipendiculTi  sides,  and  let  it  be  supposed 
to  be  filled  with  water.  The  depth  of  the 
■iide  AB  btiu^  divided  into  ten  equal  parts, 
let  U3  snppose  that  the  pressure  produced 
:  against  the  first  division  of  the  side  between 
'  0  ind  1  IS  one  pound ;  then  the  pressure  pro- 
^'^  duced  agaimt  the  division  between  1  and  2 

lull  be  two  pounds  the  piessure  against  the  division  between  2  and  3 
will  be  three  pcuad  ,  and  so  on,  so  that,  in  fine,  the  pressure  pro- 
duced agMnst  tiie'last  division,  between  9  and  10,  will  be  ien  pounds. 

Since,  therefore,  the  intenmty  of  the  pressure  from  a  to  B  increases 
uniformly  with  the  depth,  the  average  pressure  will  be  found  at  the 
fifth  division,  being  the  middle  point  of  the  depth,  and  fie  total 
pressure  upon  the  side  will  be  the  same  as  if  it  sustained  such  ave- 
rage pressure  upon  the  fifth  division,  distributed  uniformly  over  the 
whole  surface.  Hence  it  follows  that  the  total  pressure  upon  the  side 
of  such  a  vessel  will  be  equal  to  the  weight  of  a  column  of  the  liquid 
whose  base  is  equal  te  the  area  of  mSx  side,  and  whose  height  is 
equal  to  one  half  the  depth  of  the  liqiiid  in  the  vessel,  or,  in  other 
words,  to  the  depth  of  the  middle  point  of  the  side  below  the 
surface. 

We  have  here  supposed  the  side  of  the  vessel  to  be  vertical ;  but 
the  same  conclusion  will  follow  if  it  bo  inclined  either  outwards,  as 
ia^.  180.,  or  inwards,  as  in  j%".  181. 

In  all  cases,  therefore,  where  the  surfaces  which  contain  a  liquid 

are  either  vertical,  or  inclined  to  the  vertical  lino,  the  total  pressure 

which  they  sustain  can  be  found  by  multiplying  the  number  of  square 
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eot  in  the  area  of  such  aurfacea  h)  tLp  number  of  feet  in  tho  depth 
of  its  niiddk  point,  oi  mors,  generally  by  the  number  of  feet  m  the 
perpendjculii  di=taiu,e  of  its  point  ot  average  depth  below  the  sur 
fai.e 

628  Total  pressure  on  the  hoitom  and  ndes  much  greater  than  Ihe 
weight  of  the  liquid.  —  It  follows,  therefore,  that  the  actual  pressure 
produced  upon  the  bottom  and  sides  of  a  vessel  which  contains  a 
liquid  is  always  much  greater  than  the  wei^  of  the  liquid  If,  for 
example,  the  vessel  have  a  cubical  form,  the  pressure  on  the  bottom 
will  be  equa!  to  the  weight  of  the  liquid,  and  the  pressure  on  each  of 
the  four  sides  will  be  equal  to  one  half  the  weight  of  tie  liquid;  con- 
Ecqueutly,  the  total  pressure  on  the  bottom  and  sides  will  be  exactly 
tbree  times  the  weight  of  the  liquid  contained  in  the  vessel.  , 

In  tall  narrow  vessels  containing  liquids,  the  pressure  agMUat  the 
sides  far  exceeds  the  weight  of  the  liquid :  tall  casks,  cistema,  and 
tubes,  which  are  carried  in  a  7erii«d  direction,  require  to  have  a  late- 
ral s^ngth  very  far  exceeding  that  which  woiild  b 
to  support  the  liquids  they  contain. 

629.  Pressure  oh  dam  or  embankment, — The  ii 
proportional  with  the  depth,  suggests  the  expediency  o: 

corresponding  variation  in  the  strength  of 
the  several  parts  of  embankments,  dams, 
flood-gates,  and  other  resistances  opposed  to 
the  course  of  water. 

The  pressure  near  the  surface  is  incon- 
'■='  '"■^  siderable,  and  therefore  a  small  degree  of 

i  suftiiient  in  the  resisting  surface;  but  aa  the  depth  in- 
0  pressure  increases  in  the  same  proportion.  If,  therefore, 
as  in  the  case  of  dams  and  embankments,  the  strength  depends  upon 
the  thickness,  the  thickness  must  gradually  increase  from  the  top  to 
the  bottom,  in  proportion  to  the  depth,  so  that  while  the  interior  sur- 
face presented  to  the  liquid  is  perpendicular,  the  exterior  surface  will 
gradually  slope,  giving  increased  thickness  to  the  wall  or  dam,  as 
represented  in^^.  182. 

The  pressure  produced  by  a  liquid  on  the  boriEontal  bottom  of  the 
vessel  containing  it  depends  exclusively  on  the  magnitude  of  such 
bottom  and  the  depth  of  the  liquid,  and  is  altogether  independent  of 
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the  shape,  magnitwie,  or  position  of  the  sides,  and  therefore  of  the 
quantity  of  liquid  contained  in  the  vessel. 

630.  ExperimeTUal  verification  of  these  principles. — It  haa  been 
shown  that  in  a  vessel  with  perpendicular  aides  and  horizontal  bottom, 
Buch  as  that  represented  in  _fig.  179.,  the  pressure  on  the  hottom  is 
equal  to  the  total  weight  of  the  liquid  contained  in  the  vessel ;  but  if 
the.  shape  of  the  vessel  were  that  represented  in^.  180,,  the  pressure 
on  the  bottom  would  still  remain  the  same,  although  the  quantity  of 
liquid  would  be  considerably  greater ;  and  if  the  vessel  were  shaped  as 
in^^.  181.,  the  bottom  being  still  the  same,  the  pressure  on  the  bottom 
would  remain  the  same,  altaough  the  quantity  of  liquid  in  the  veseoi 
would  be  considerably  less.  These  resulta  may  be  venfiod  esperi- 
mentallj  in  various  ways. 

Thus,  if  three  vessels  be  provided,  the  fiist  with  peipendioulw,  the 
second  with  diverging,  and  the  third  with  converging  ^des,  each 
having  a  moveable  bottom  fitting  it  watei-ti^ht,  let  the  bottoms  be 
pressed  against  each  vessel  with  equal  forces;  which  may  ba  done  by 
a  lever,  one  ai'm  of  which  is  pressed  upwaids  against  the  bottom  by  a 
weight  suspended  from  the  other  arm.  If  water  be  then  poured  into 
the  vessels  severally  until  such  a  quantity  ha?  been  lutiodutcd  that 
ita  pressure  on  the  bottom  shall  overcome  the  resistance  of  the  lever, 
it  will  be  found  that  the  depth  of  the  wafer  in  each  e 
accomplish  this  is  the  same. 


tt 
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Anotliei  methiid  cf  illustiatin,,  expenmcntally  the  same  piinciple, 
is  as  follows:  —  Let  the  moveable  bottom  be  pressed  against  each 
vessel  by  a  string  attached  to  it  on  the  inside,  and  carried  up  through 
the  vessel,  and  then  let  the  vessels  be  plunged  in  a  cistern  of  wat^r, 
as  represented  in  figs.  183.,  184.,  and  185,,  until  they  attain  such  a 
depth,  that  the  upward  pressure  of  the  water  against  the  bottom  will 
be  suSeient  to  keep  it  attached  to  the  vessel. 

If  the  v^sels  be  immeraed  to  the  same  depth,  the  upward  pressure 


Hostoi:..,CoOglc 


22  MECJIWIC'VL  PROPERTIES  OF  LIQUIDS. 

fBua  actmg  upm  tlie  botti  m^  wjU  be  the  same.  Now  kt  water  be 
pouicd  into  eaeb  of  the  thiee  vessclB  It  la  evident  that  when  such 
a  quintity  shall  have  been  lutrodueed  as  shall  produce  a  downward 
preasure  upon  the  bottom  equal  to  the  upward  pressure,  the  bottom, 
^rll  no  longer  adhere  and  it  will  fill  Now  it  is  found  by  experi- 
ment conducted  in  this  manner,  that  it  lequires  tte  same  depth  of 
^it  r  in  eich  of  the  thtee  vessels  to  accomplish  this. 

f)  1  PibSbure  on  Ike  surfaces  of  vessels,  lohaitver  he  their  form. 
—  In  the  jiLcedmg  examples,  the  surfaces  confining  the  liquid  have 
been  c  nsidued  to  be  flat.  Tie  surfaces,  however,  of  vessels  and 
re^trvoirs  oii,  subject  to  a  variety  of  forma;  and  it  is  necessary  i 
jraotical  science  to  be  m  poasession  of  rules  which  are  a 
^encially  to  all  such  surfaces. 

The  vaiiois  parts  of  a  surface  containing  a  licjuid  will,  a  ^ 

to  the  principles  ettabliahed,  be  subject  to  pressures  depending  only 
•o\  on  def  (lis  below  the  surface  of  the  liquid  in  the  vessel,  all  paits  of 
the  same  depth  being  subject  to  tte  same  pressure.  If  we  imagine 
the  entire  surface  of  a  rffiervoir  below  the  level  of  the  water  ,to  be 
divided  into  sqaare  inches,  each  square  inch  will  sustain  a  pressure 
equal  to  the  weight  of  a  column  of  water  whose  base  is  a  square  inch, 
and  whose  height  is  equal  to  the  depth  of  the  square  inch  of  the  sur- 
face in  question. 

The  total  pressure,  therefore,  sustained  by  the  surface  of  the  reser- 
voir, may  be  ascertained  if  the  average  depth  of  the  surface  below  the 
level  of  the  water  could  be  determined,  as  in  this  case  the  total  pressure 
exerted  by  the  liquid  on  the  surface  of  the  vessel  or  reservoir  would  be 
equal  to  the  weight  of  a  column  of  the  liquid,  whose  base  would  be 
equal  in  area  to  the  entire  surface  of  the  vessel  or  reservoir,  and 
whose  height-woutd  be  equal  to  the  average  depth  of  this  surface. 

632,  Method  of  ascertaining  the  point  of  average  depth  —  Ma- 
thematical science  supplies  a  method 'by  which  this  point  of  average 
depth  can  be  in  all  cases  ealoulafed. 

If  we  suppose  a  thin  sheet  of  any  uniform  substance,  such  as  metal, 
to  be  spread  over  the  surface  of  the  reservoir,  and  in  close  contact 
with  it,  just  as  the  inner  surfaces  of  some  vessels  are  lined  with  tia- 
foil,  then  the  point  of  average  depth  will  bo  identjcal  with  the  centre 
of  gravity  of  such  a  lining.  The  methods,  therefore,  by  which  the 
centre  of  gravity  is  determined,  supply  the  means  of  ascert-aining  the 
points  of  average  depth  in  all  vessels  and  reservoirs;  and  these  points 
being  ascerfaioed,  the  total  pressure  upon  them  can  be  computed. 

633.  Examples  of  the  application  of  this.  —  Excepting  in  the  case 
of  certain  surfaces  of  regular  form,  the  dctcnuinatioa  of  the  centre 
of  gravity,  however,  is  a  problem  which  cannot  be  solved  without  the 
application  of  mathematical  pinoiples  of  considerable  difficulty.  The 
theorem,  however,  just  stated,  may  be  illustrated  by  examples  snffi- 
oient)y  ample  to  be  generally  understood. 

.-504 


PRESSURE  OF  LIQUIDS  DUE  TO  THEIR  WEIGHT,         23 

Let  a  hollow  spbera  be  tilled  witt     1  q    d  th      gli      m  11  L  1 
the  top.     The  centre  of  gravity  of  th         f         f  th      ph 
dently  its  centre,  and  therefore  th    d  pth    f  th     p     t  h  1  w  th 
height  at  which  the  level  of  the  liqu  ltd  llfthdmt 

of  the  sphere.     The  total  pressure  will  th     f       b    f      d  by  m  It 
plying  the  number  of  inches  in  half  th    d  am  t       f  th      pt       by 
the.  number  of  square  inches  in  if         fac       By  th    p        pi       t 
geometry,  it  is  proved  that  the  solid        t    t      f       jh       ar    d  t 
mined  by  multiplying  the  number  of       h  h  If  th    d  am  f     by 

a  third  part  of  the  number  of  squar         h  tb         f  H 

it  appears  that  the  pressure  produced    j       th         fic      f   h     ^h 
by  the  liquid  it  contains,  is  three  tim      h    w     ht    f  t        t    ta 

If  a  solid  be  immersed  in  a  liquil  th    p  wh  h.    ta       f 

Buffers  from  the  surrounding  liquid  is  d  te  m     d  by  th    sam    p 
eiplea  as  those  which  determined  th    p    ss  th        rf         f  th 

Fessel  containing  the  liquid.  Thus,  fph  bplgd  ^i  ^ 
the  total  pressure  upon  its  surface  if  d  by  m  lt]lji  j,  th  m 
ber  of  inches  in  the  depth  of  its  centi-e  below  the  surface  of  the  liquid 
by  the  number  of  square  inches  in  its  surface. 

The  two  hydrostaticaJ  principles  which  have  been  established  in  the 
present  and  in  the  preceding  chapters,  first,  that  liquids  transmit  pres- 
Bore  equally  in  all  directions;  and,  secondly,  that  the  pressure  they 
produce  by  their  own  weight  is  proportional  to  the  depth,  serve  to  ex- 
^Iwn  many  familiar  and  remarkable  facta. 

6S4.  Pressure  of  different  liquids  different. — But  to  render  them 
applicable  to  such  exposition,  it  is  not  sufficient  to  know  those  laws 
determining  the  transmission  and  the  variation  of  the  pressure.  It  is 
necessary  also  to  know  the  actual  amount  of  this  pressure  for  each 
paitioular  liquid.  Thus,  for  example,  if  two  equal  and  similar  ves- 
sels be  filled  to  the  same  depth,  the  one  with  water  and  the  other  with 
quicksilver,  it  is  evident  that  the  pressure  produced  upon  acy  part  of 
the  surface  of  the  one  will  be  greater  than  the  pressure  produced  upon 
the  corresponding  part  of  the  surface  of  the  other,  in  exactly  the  same 
pi'oportion  as  quicksilver  is  heavier  than  water. 

To  be  enabled,  therefore,  to  declare  the  actual  intensity  of  the  pres- 
sure produced  in  each  case,  it  would  be  necessary  to  know  the  actual 
pressure  which  would  be  produced  upon  a  surface  of  given  magnitude 
by  a  column  of  water  of  given  height;  and  further,  to  know  the  pro- 
portion which  the  weight  of  other  liquids  under  inquiry  would  bear 
bulk  for  bulk  to  tho  weight  of  water. 

635.  Actual  pressure  of  water.  — We  shall  hereafter  explain  how 
the  proportional  weight  of  other  liquids  is  ascertained  and  recorded 
For  the  present,  we  shall  limit  our  observations  to  tlie  most  universal 
of  all  liquids,  water. 

It  is  ascerWned  that  the  weight  of  a  cubic  inch  of  water  of  llie 
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common  temperature  of  62°  FaLr.  is  a  portion  of  a  pound  espresaed 
liy  the  decimal 

O-O36065. 

The  pressure,  therefore,  of  a  column  of  water  one  foot  high,  having 
a  square  inch  for  its  base,  will  bo  found  by  multiplying  this  by  12,  and 
cousei^ueatlj  will  be 

04328  lb. 

The  pressure  produced  upon  a  square  foot  by  a  column  one  foot 
higbj  will  be  found  by  multiplying  this  last  number  by  144 ;  the  num- 
ber of  square  inchea  forming  a  square  foot  in  which  will  therefore  be 


).  Table  showing  the  presstjeeinLbs.  peh  Square  Inch 
AND  Squaee  Foot,  pbodtjoed  by  Water  at  vaihous 
Depths. 


Bnptli  in  reel. 

P..„™p„.s,™i.... 

Preeeuie  pot  Biniire  Toot 

lbs. 

Iba. 

0482S 

62-3232 

n. 

0-86S6 

124-6464 

III. 

1-2984 

II', 

3-7312 

249-2928 

V. 

2-1G40 

SU-6160 

VI. 

2-59S8 

873 -0303 

VII. 

3-0296 

486-2e24 

viir. 

3-4624 

498-5S50 

IX. 

660-3088 

X. 

4-3280 

623-2320 

]3y  the  aid  of  the  above  table,  the  actual  p 
part  of  the  surface  of  a  vessel  containing  it  can  always  b' 
the  depth  of  such  part  beiug  given. 

Thus,  for  esample,  if  it  be  required  to  know  the  pressure  upon  a 
square  foot  of  the  bottom  of  a  vessel  where  the  depth  of  tlie  wafer  ia 
25  feet,  we  find  from  the  above  table,  that  the  pressure  upon  a  square 
foot  at  the  depth  of  2  feet  is 

124-6464  lbs.; 
and,  consequently,  the  pr^sure  at  the  depth  of  20  feet  is 

1246-464  lbs. : 
to  this,  let  the  pressure  at  the  depth  of  5  feet,  as  given  in  tho  fable, 
be  added, 

1246-464 
311-616 


1558-080  lbs. 
which  is  therefore  the  required  pressure. 
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637.  To  find  the  corresponding  pressures  produced  iy  other  liquids. 
' — If  the  liquid  contained  ia  the  vessel  be  not  water,  but  any  other 
whose  relative  weight  compared  with  water  ia  known,  the  calculation 
is  made  firat  for  water,  and  the  vesuU  being  multiplied  by  the  number 
expressing  the  proportion  of  the  weight  of  the- given  liquid  to  that 
of  water,  the  result  will  be  the  required  pressure.  The  manner  of 
determining  thia  relative  weight  will  be  ^ven  hereafter. 

638.  JExamples  of  pressure  produced  at  great  depths. — If  an  enipty 
bottle  tightly  corked  be  sunk  in  the  sea,  the  pressure  of  the  surround- 
ing water,  whea  the  depth  ia  sufficient,  will  either  break  the  bottle  or 
force  the  cork  into  it;  if  the  bottle  have  flat  sides,  it  will  be  broken  j 
if  it  be  round,  its  form  being  stronger,  the  cork  will  be  forced  in. 

If  a  piece  of  wood  which  floats  on  water  be  suak  to  a  great  depth 
in  the  sea,  and  held  there  for  a  certain  time,  the  great  pressure  of  the 
surrounding  liquid  wilt  force  the  water  info  the  pores,  the  effect  of 
which  will  be  to  increase  its  weight  so  that  it  will  no  longer  be  capa- 
ble of  floating  or  rising  to  the  suriaoe. 

Divers  plunge  with  impunity  to  certwn  depths,  but  there  is  a  limit 
below  which  they  cannot  live  under  the  intense  pressure.  It  is  pro- 
bable, also,  that  there  is  a  limit  of  depth  below  which  each,  specica 
of  fish  cannot  live. 

639.  lAqmds  not  absolutely  incompressxUe.  —  Although  the  theo- 
rems of  hydrostatics  are  established  upon  the  supposition  that  liquids 
are  incompressible,  this  is  true  only  in  a  qualified  sense.  It  was  long 
considered,  m  has  been  already  explained,  that  no  force  whatever  waa 
capable  of  connpresang  them.  Experimeafa,  however,  instituted  in 
1761,  by  Canton,  showed  that  they  were  compressible  ia  a  slight 
degree;  and  these  experiments  have  been  corroborated  by  means 
of  the  pressure  of  liquids  at  coaraderable  depths,  in  the  follow- 
ing manner.  Let  a  b,  fig.  186,,  be  a  cylindrical  vessel, 
having  a  mouth  o,  through  which  a  plunger  P  M  passes 
water-tight.  Let  this  vessel  be  completely  filled  with 
water,  Sie  end  of  the  plunger  being  inserted  in  the 
mouth.  Let  a  ring  be  placed  upon  the  plunger  in  con- 
tact with  the  mouth,  so  that  whea  the  plunger  is  pressed 
into  the  vessel,  the  ring  will  be  forced  upwards  upon  it 
by  the  flange  of  the  mouth,  and  let  the  friction  of  the 
ring  with  flie  plunger  be  suf&cient  to  prevent  it  from 
falhng  back  to  its  first  position  when  the  plunger  is  again 
drawn  out. 
vessel  thus  prepared  be  immersed  to  a  eonsidei'able  depth 
in  the  sea.  Upon  drawing  it  up,  it  will  be  found  that  the  pressure  of 
the  surrounding  water  has  forced  the  plunger  further  into  the  vessel, 
and  that  the  water  contained  ia  it  was  therefore  compressed  into  smaller 
dimensions.  Upon  drawing  up  the  vessel,  the  removal  of  the  pressure 
enabled  the  water  contained  in  it  to  resume  its  former  dimensions,  and 
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force  the  plunger  back  to  its  first  position.  When  the  vessel  is  rsdaed 
from  the  water,  the  ring  which  was  in  oouiaot  with  the  flange  of  the 
mouth  is  found  to  be  raised  to  a  certain  height  above  it. 

640.  Method  of  ascertaining  the  force  necessary  to  produce  a 
given  compression.  —  The  degree  of  eompresMon  prodnoed  bj  a  eiven 
force  may  be  found  by  measHring  the  total  contents  of  the  vessel,  the 
magnitude  of  a  given  length,  such  aa  one  inch  of  the  plunger,  tha 
depth  of  a  vessel  to  which  tie  plunger  has  been  forced,  and  the  depth 
in  the  sea  to  which  the  vessel  has  been  sunk.  At  the  depth  of  6,000 
feet,  the  volume  of  the  water  contidned  in  the  vessel  is  diminished 
by  one-twentieth  of  ita  original  dimensions.  Thus,  20  cubic  inches 
of  water  will  be  reduced  to  19  cubic,  inches,  under  the  pressure  of  a 
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nal  cavity  ot  any  considerable  magnitude,  placed  at  some  depth  below 
the  mou&  of  the  fisaurej  rain  percolating  through,  and  filling  the  fis- 
sure above  it,  might  produce  a  bursting  force  sufficient  to  split  the 
rook.  The  pressure  in  this  case,  acting  against  the  inner  surface  of  the 
cavity,  will  be  proportional  to  the  depUi  of  the  cavity  below  the  top  of 
the  fissure.  It  appears  from  the  table,  page  24.,  that  for  every  foot 
in  such  difference  of  level,  there  will  be  a  bnrsllng  pressure  of  0-4328 
lbs,  for  every  square  inch  of  the  surface  of  the  cavity. 

In  the  conati'uction  of  pipes  for  the  supply  of  wat-er  to  towns,  it  is 
necessary  that  those  parts  which  are  much  below  the  level  of  the 
reservoir  from  which  the  water  is  supplied  should  have  a  strength 
proportionate  to  such  difference  of  level,  ance  they  will  siBtain  a 
bursting  pressure  of  4-328  lbs.  per  square  inch  for  every  10  feet  by 
which  the  level  of  the  river  esceecb  in  height  that  of  the  pipe.  A 
pipe,  the  diamotov  of  whose  bore  is  4  inches,  has  an  internal  circum- 
ference of  about  one  foot,  and  the  internal  surface  of  one  foot  in  length 
of  such  a  pipe  would  measure  a  square  foot.  If  such  a  pipe  were 
150  feet  below  the  level  of  the  reservoir,  the  bursting  pressure  which 
it  would  sustain  upon  one  foot  of  its  length  may  be  calcalated  aa  fol- 
lows, from  the  table,  page  24. 
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Pressure  at  100  feet  deep 


Thus,  sucli  a  pipe  should  bo  constnioted  of  BufEcient  strength  to 
bear  with  seouritj  nearly  five  tons  bursting  pre^ure  on  each  foot  of 
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642.  The  surface  of  a  liquid  level  when  at  rest.  — When  a  liquid 
contained  in  any  yessel  is  in  a  state  of  rest,  its  surface  will  be  hori- 
zontal ;  and  if  the  same  liquid  be  contained  in  different  vessels,  which 
iave  free  communication  with  each  other  by  tubes,  pipes,  or  other- 
wise, then  the  surface  of  these  liquids  in  the  different  vessels  will  be 
at  the  same  level. 

This  important  property  of  liquids,  which  is  usually  expressed  by 
stating  that  liquids  maintain  their  level,  follows  immediately  from  the 
two  properties  which  have  been  established  in  the  preceding  chapters. 

It  may  be  proved  that  all  parts  of  the  surface  of  a  liquid  contained 
in  a  vessel  must  be  at  the  same  level  when  at  test,  by  showing  that 
if  they  be  not  at  the  same  level,  the  fluid  must  be  in  motion,  and 
must  continue  in  motion  until  they  attain  the  same  level. 

Let  ABCD,j^.  187,  be  a  vessel  containing  a  liquid  whose  sur- 
face is  at  different  levels,  as  represented  at  m  n;  being  higher  at  m 
than  at  N. 

Let  us  suppose  a  partition  introduced  into  this  vessel,  dividing  its 
liquid  contents  into  two  parts,  but  having  an  opening  near  the  bottom 
at  0,  the  area  of  which  opening  we  shall 
suppose  to  measure  a  square  inch.  If  we 
take  a  column  of  the  liquid  whose  height 
is  M  B,  and  whose  base  is  a  scjnai-e  inch, 
this  column  will  pres's  at  the  bottom  B  with 
a  force  equal  to  its  weight,  and  this  pres- 
sure will  be  transmitted  equally  in  every 
direction  throughout  the  dimensions  of  the 
liquid;  and  consequently  it  will  be  trans- 
mitted laterally  to  the  orifice  o,  and  through 
the  orifice  o  it  will  be  transmitted  to  the 
liquid  on  the  other  side  of  the  partition. 


I'"ig.  187. 
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It  will  then  likewise  press  equally  h  every  direction;  and  if  we  sup- 
pose a  column,  p  Q,  taring  a  square  incli  as  its  base,  ttis  column  will 
bo  pressed  upwards  by  the  same  force,  but  its  downward  pressure  will 
be  equal  to  the  weight  of  the  column  P  Q.  Thus,  a  horizontal 
stratum  of  the  liquid,  measuring  a  square  inch  at  o,  will  be  pressed 
downwaj^s  by  the  weight  of  the  column  p  q,  and  upwards  by  the 
weight  of  the  column  m  b.  But  the  latter  being  greater  tiaa  the 
former,  the  upward  pressure  will  exceed  the  downward,  and  tlie 
column  P  Q  will  be  raised. 

The  same  will  be  true  of  every  pair  of  vertical  columns  into  which 
tlie  liquid  on  either  side  of  the  partition  may  bo  resolved ;  and  thus 
it  follows  that  under  such  circumstances  the  liquid  wOl  flow  from  the 
side  M  B  towards  the  side  N  o,  the  level  of  the  former  falling,  and 
that  of  the  latter  rising. 

But  if  tho  column  p  q  were  equal  to  M  e',  Jig.  188,  then  the  down- 
'  ward  pressure  would  be  equal  to  the  upward 
pressure,  and  no  motion  would  take  place ; 
and  if  tbe  same  were  true  of  every  pair  of 
,   columns  into  which  the  liquid  on  either 
side  of  tie  partition  could  be   lesolved, 
then  no  motion  would  ensue,  that  is  to 
say,  if  the  surface,  instead  of  being  at 
difibrent  levels,  as  in^^,  187,  were  at  the 
same  level,  as  io  fig.  188,  then,  and  not 
otherwise,  the  fluid  would  remain  at  rest 
Fig.  168,  We  have  bete  imagined  a  partition  to 

be  introduced,  dividing  the  vessel  having  an  orifice  near  the  bottom, 
but  it  is  evident  that  tbe  presence  or  absoace  of  such  a  partition  con- 
not  allect  the  movement  or  the  equilibrium  of  the  fluid,  since  suth  a 
partition  introduces  no  force  to  affect  the  fluid  which  did  not  pie 
riously  esist. 

643.  E'campks  illusiraiing  the  principle  — This  property  of 
liquids  IS  so  neaily  a  sell  evident  consequence  of  their  f  mdna  ental 
property  that  it  b  difiioult  to  demonstrote  it  It  is  nothing  more 
than  a  manfestation  of  the  tendency  of  the  comjonent  parts  of  a 
body  to  fall  into  the  lowest  position  which  the  nature  of  their  mutn  J, 
connection  and  the  oncumstaoces  in  which  they  are  pheed  will  ad 
mit.  Mouufims  do  not  sink  and  pre  s  up  the  mteriieeut  valleys 
because  the  oohesive  pnneiple  which  liuls  togetbei  the  comp  nent 
parts  of  their  masses  and  those  of  the  trust  tf  the  earth  n[on  wh  ch 
they  rest  is  opposed  to  the  gravity  of  then  paits  and  is  much  moie 
powerful  but  jf  this  cohesion  weie  dosolvel  in  the  stipend  us 
masses, — f  i  example  if  the  Ufa  oi  the  Andes  were  1  quefied  — 
these  ridges  would  si  k  ftom  their  lofty  eminences  and  the  cironm 
jaoeat  valleys  nould  i  se  a  momentary  inteichange  of  foim  taking 
place :  and  this  undulation  would  contmu  ,  until  the  whole  mass 
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would  settle  down  into  a  uniform  level  Burface.  All  ineqiialities, 
therefore,  wliich  we  observe  on  the  surface  of  land,  ace  due  to  tlio 
predominance  of  the  cohesive  over  the  gravitating  principle;  the 
former  depriving  the  earth  of  the  power  of  transmitting  equally  and 
in  every  direction  tie  pressure  produced  by  the  latter. 

On  the  other  hand,  if  the  sea,  when  agitated  by  a  storm,  were 
suddenly  solidified,  the  cohesive  priaciple  being  called  into  action,  the 
mass  of  water  would  lose  its  power  of  transmitting  pressure,  and 
those  inequalities  which  in  the  liquid  form  are  fluctuating  would  be- 
come fixed;  a  wave  would  become  a  hill,  and  an  intermediate  space 

644.  Maintenance  of  level  in  communicating  vessels. — The  maia- 
tecance  of  level  between  liquids  contained  in  communicating  vessels 


is  established  by  reasoning  similar  to  that  by  which  the  level  surface 
of  a  liquid  contained  in  any  vessel  is  proved.  Let  A  u  c  ^,fig-  189., 
and  a'  b'  c'  t>',  be  two  vesselsj  between  which  there  is  a  pipe  of  com- 
munication b'  C. 

If  these  two  vessels  be  partially  filled  with  the  same  liquid,  the 
surface  M  n  of  the  liquid  in  the  one  vessel  must  be  at  the  same  level 
with  the  surface  m'  h'  of  the  liquid  in  the  other  vessel,  provided  the 
liquids  are  at  rest. 

Let  us  suppose  a  stop-cook  at  P,  in  the  tube  of  communication 
b'  0,  this  tube  being  horizontal. 

By  what  has  been  proved  it  appears,  that  the  pressure  exerted  by 
the  liquid  in  A  E  c  D  upon  the  stop-cock  will  be  equal  to  the  weight 
of  a  column  of  the  liquid,  whose  base  is  equal  to  the  passage  of  the 
stop-cock;  and  whose  height  is  equal  to  the  depth  of  the  stop-cook 
below  the  surface  M  N. 

In  like  manner,  the  pressure  exerted  oa  the  other  side  of  the  stop- 
cock by  the  liquid  in  the  vessel' A'  b'  o' d',  will  be  equal  to  the  weight 
of  a  column  of  liquid,  whose  base  is  equal  to  the  opening  of  the  stop- 
cock, and  whose  height  is  equal  to  the  deptb  of  the  stop-cock  below 
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Hence  it  follows,  that  tho  stop-cock  will  be  pressed  equally  in  both 
directions,  if  the-  surfaces  M  N  and  m'  n'  are  at  equal  heights  above  it ; 
and  consequentlj,  in  this  ease,  if  the  stop-cock  be  opened,  there  wOl 
be  no  tendency  of  the  liquid  to  flow  in  either  direction  through  it. 

^ot  'if,  OQ  'Aie  o&ei!  Wnd,  fee  avrtfeee  M.T!  Aie  at  a  g^eaAei;  \iei^t 
above  the  stop-cock  ttan  the  surfece  m'  n',  then  there  will  be  a  greater 

j)i-essure  upn  the  stop-cock  on  the  one  side  0  than  on  ihe  other  b'; 
and  if  the  stop-cock  be  opened,  the  liquid  will  flow  from  the  vessel 
A  B  c  D  to  the  vessel  a'  b'  c'  d'  ;  and  in  like  manner,  if  the  level  M  K 
be  lower  than  the  level  m'  n',  then  the  pressure  on  tiie  side  c  will  bo 
less  thaE  the  preasure  on  the  aide  b',  and  tlie  liquid  will  flow  in  tie 
contrary  direction. 

It  therefore  follows,  in  general,  that  if  the  levels  of  the  liquid  in 
the  communicating  vessels  be  the  same,  no  motion  of  the  liquid  will 
follow ;  bat  if  they  be  not  the  same,  then  the  liquid  will  flow  from 
the  vessel  which  has  the  higher  level  to  the  vessel  which  h'is  the  lower 

645.  ExpeT  e  al  tR  s  a  or  — The  apparatus  refre  ontcd  in 
/g.190  alaj  Uoes  la  s^e  men  allj  th  efec  -i  b  C,  D,  E 
are  glas   ve     h  of  1  ffe  ent  sha        e  cl    to  n  na  n^  at    1     bottom 


in  a  ah  t  le  wh  h  n  r  1  nt  a  ho  low  1  x  In  ea  h  of  tliese 
short  tule   is  a   t  p-c    k  K 

When  the  co  ks  ore  all  open  a  comn  un  cat  on  b  twe  n  the  five 
vessels  s  esUbl  shed  thr  ugh  the  tcrvent  on  of  the  1  x  but  each 
or  all  of   he    esaela  can  be  n  ul  ted  Vy   lo  ng  Ihe  cock 

Let  the  tip  ocks  be  all  closed  andlet  wate  le  poureliulo  the 
vessels  so  a  to  stand  t  d  fferent  level  the  ease  1  elow  being  pre- 
viously filled  w  h  wate  If  all  the  cocka  be  now  op  ne  1  t  wiU  be 
observed  that  the  higher  levels  will  gradually  fall,  and  the  lower  ones 
will  rise  until  all  become  uniform.  If  the  atop-cocks  be  again  closed, 
and  water  be  poured  into  some  of  the  vessels,  so  as  to  render  the 
levels  again  unequal,  the  same  equalization  would  take  place  oa  again 
opening  the  stop-cocks. 

646.  Position  of  the  spottt  of  a  vessel. — When  vesaels  containing 
liquids  are  supplied  with  spouts,  auch  as  those  attached  to  tea-pots, 
coffee-pots,  kettles,  watering-pots,  and  the  like,  the  extremity  of  tie 
spout  must  iilways  bo  above  the  top  of  the  vosscl  when,  the  vessel 
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stands  erect,  since  otterwiae  the  veaael  could  not  "be  filled ;  for  as 
soon  as  the  liquid  poured  into  it  would  raise  it  to  the  level  of  tke  top 
of  tlie  spoutj  any  more  liquid  wWoli  might  be  poured  ia  would  flow 
out  at  the  spout. 

Liquids  aro  discharged  from  a  vessel  having  a  apout  hy  inclining 
the  vessel  in  snch  a  manner  that  the  mouth  of  the  spout  shall  he  he- 
low  the  level  of  the  liquid  in  the  vessel. 

647.  TIds  properly  explains  the  hydrostatic  paradox.  —  This' 
property  of  liquids  to  maintain  their  level,  when  well  understood, 
strips  every  form  of  the  hydrostatic  paradox  of  that  character  from 
which  it  has  falcen  its  deuomiuatioa. 

Let  ABO »,  for  esiimple, _;%,  191.,  be  a  large  vessel  witk  perpen- 
dicular sides,  and  commuuioating 
by  a  short  tuhe  b  e  with  a  vei'tioal 
tube  E  F.  If  water  he  poured  into 
this  vessel,  it  will  rise  to  the  same 
■  level  in  the  tnbe.  Now,  let  as  sup- 
pose the  water  which  fills  the  v 
above  the  level  I 
Fig,  191.  and  its  place  s 

moving  water-tight  i 
and  let  this  piston  be  loaded  with  a  weight  which  stall  be  equal,  in- 
cluding the  weight  of  the  piston  itself,  to  the  weight  of  all  the  water 
which  has  been  removed.  The  piston  will  then  press  on  the  water 
below  it  with  the  same  force  aa  the  water  removed  previously  pressed 
upon  it ;  and  as  the  water  removed  was  austtuned  by  it,  the  pi-itfln  with 
its  load  will  also  be  sustained.  Thus  it  appears  that  this  piston  is 
supported  by  the  pressure  of  the  column  of  water  H  0  in  the  tube  e  r , 
and  it  will  be  easily  perceived  that  tbo  effect  is  identical  witb  those 
of  the  hydrostatic  bellows  and  the  hydrostatic  paiidox  already  ex- 
plained. 

648.  Explanation  of  Ike  pitenomena  of  streams,  rtiers,  cataracts, 
springs,  ^c. — The  play  of  tte  property  in  virtue  of  which  hquids 
maintain  their  level,  explains  an  infinite  variety  of  important  ind  in- 
teresting phenomena  attending  the  circuUitiott  of  water  on  the  saifaco 
of  the  globe.  By  the  natural  process  of  evaporation,  the  clouds  be- 
come charged  with  vapor,  and  are  attracted  by  the  lofty  iidges  of 
mountains,  and  all  other  elevated  parts  of  tbe  land,  round  which  they 
collect,  and  upon  which  they  deliver  their  contents 

The  water  thus  deposited  upon  the  highest  parts  of  the  globe,  baa 
a  constant  tendency,  by  reason  of  the  quality  to  ■which  we  letei,  to 
return  to  the  general  level  of  the  sea,  and  in  finding  its  way  thithei 
givea  rise  to  the  phenomena  of  streams,  rivers,  cataracts,  lakes,  springs, 
fountwns,  and,  in  a  word,  to  all  the  infinite  vai'iety  of  effects  attend- 
ing the  moviinent  of  water  which  are  witnessed  thioughout  the 
world, 
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If  the  waters  wliieh  fall  from  the  clouds  encounter  a  soil  not  easily 
peneli'able,  thej  collect  in  rills  and  form  streams  and  riTnlets,  and 
descend  along  the  sides  of  the  elevation,  seeking  constantly  a  lower 
level;  thej  enoonnter  in  their  course,  other  streams,  with  which  they 
unite,  and  at  length  swell  into  a  river ;  they  follow  a  winding  channel, 
governed  by  the  course  of  the  valleys  and  lower  parts  of  the  land. 
Sometimes  vridening  and  spreading  into  a  spacious  area,  they  lose  the 
character  of  a  river,  and  assume  that  of  a  lake :  then  again,  being 
contracted,  they  recover  the  character  of  a  river,  and  after  being  ia- 
creased  by  tributary  streams  on  the  one  side  and  on  the  other,  they 
at  length  attain  their  final  destination,  restaring  to  the  ocean  those 
waters  which  had  been  originally  drawn  from  it  by  evaporation. 
Throughout  the  whole  of  these  phenomena,  the  principle  in  operation 
is  the  tendency  of  liquids  to  maifttaia  their  level. 

But  it  sometimes  happens  that  the  rains  on  mountainous  summits 
encounter  i  soil  eiaily  penetrable  by  water.  In  such  cases,  the  liquid 
enters  the  ci  ust  of  the  earth;  which  it  often  penetrates  to  great  depths. 
Simetimes  it  encounters  strata  which  are  iiapenetrahle,  and  finds 
itself  wallel  in,  so  to  speak,  in  a  subterranean  reservoir.  In  this 
cas  ,  the  hquid  is  subject  to  a  hydrostatic  pressure,  aiimng  from  the 
cclumn  of  w  iter  pstending  from  the  reservoir  to  the  upper  surface, 
through  the  veins  and  channels,  through  which  the  reservoir  has 
been  filled 

This  pressure  sometimes  forces  the  water  to  break  its  way  through 
the  strata  which  confine  it.  In  such  cases,  it  fishes  out  in  a  spring, 
which  ultimately  enlarges  and  becomes  ihe  tributary  of  some  river. 
In  other  cases,  however,  the  boundaries  of  the  subterranean  cistern 
resist  this  pressure,  and  the  water  is  there  imprisoned.  If  the  ground 
above  such  a  cistern  be  bored  to  a  sufficient  depth  to  penetrate  the 
roof  of  the  cistern,  the  liquid,  having  free  exit,  will  rise  in  the  "well 
thus  bored  until  it  attain  tiie  same  level  which  it  has  in  the  channels 
from  which  the  subterranean  cistern  has  been  supplied.  If  this  level 
be  above  the  surface  of  the  ground,  the  water  will  have  a  tendency  to 
rush  upwards,  and,  if  resti'ained  and  regulated  in  its  discharge  by 
suitable  means,  it  may  be  formed  into  a  fountain,  from  which  water 
will  always  flow,  by  simply  placing  a  valve  or  cock,  or  from  which 
water  may  be  made  permanently  to  project  itself  upwards  in  various 
forms,  so  as  to  produce  jefs  d'eau. 

If  the  level  of  the  source,  however,  be  little  less  than  that  of  the 
mouth  of  the  pit  which  has  been  dug,  then  thewat-er  will  rise  to  such 
level,  and  stand  there,  forming  a  well.  If  the  original  level  bo  con- 
siderably below  that  of  the  mouth  of  the  pit,  then  the  water  will  not 
rise  io  tiie  pit  beyond  a  certain  height  corresponding  to  the  level  of 
ita  source ;  and  in  this  case  a  pump  is  introduced  into  the  pit,  and 
water  is  raised  in  a  manner  which  will  be  esphiined  hereafter. 
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Tte  preuiidjug  observations  mill  be  more  dearly  understood  bj  r 
ferenee  to  the  diagram,  _fig.  192. 


_„J 


This  diagram  mH>  ho  consideiod  to  repiesent  a  verticil  section  of 
tie  strata  of  the  ■soil,  which  is  penefaated  by  the  pluviose  waters,  in 
wliich  fl,  b,  ind  c  repieuent  atrjta,  which  are  impenetrahie  to  water, 
and  d  and  e  open  and  porous  atiata,  and  ctevicea  which  are  pene- 
trable. 

If  we  suppose  the  stratum  d  to  reach  the  surface  at  g,  a  point  below 
the  level  of  the  highest  point  A  of  the  same  stratum,  then  the  water 
will  issue  from  g  as  from  a  spriag,  with  a  force  proportional  to  the 
pressure  due  to  the  height  of  the  level  h  above  the  level  g,  deducting, 
nevertheless,  more  or  less  force  due  to  the  resistance  which  the  fluid 
encounters  in  passng  through  the  soil  of  the  stratum. 

If  a  vertical  shaft  be  sunk  at  i  through  the  impervious  strata  J, 
until  it  enters  the  stratum  e,  then  water  would  rise  in  tiis  shaft  until 
it  reaches  a  height  k  corresponding  with  the  level  of  its  highest  point 
I;  but  since  this  point  k  is  above  i,  the  mouth  of  the  shaft,  tie  water 
would  spring  upwards  towards  it,  forming  a  jet.  If  at  the  mouth  of 
the  shaft  i  a  valve  or  cock  be  placed  which  can  be  opened  at  pleasure, 
the  water  would  be  supplied  as  required ;  or  if  small  orifices  of  any 
form  be  placed  at  the  mouth  of  the  shaft,  the  water  would  be  forc^ 
through  these  so  as  toform  a  jet  d'eau.  It  is  thus  that  Artesian  wells 
are  formed.  Such  a  spring  as  that  represented  at  i  will  cause  water 
to  rise  through  pipes,  in  buildings  or  elsewhere,  to  any  height  not  ex- 
ceeding the  level  of  the  line  k  I.  If  a  shaft  be  sunk  at  m,  a  point  of 
the  surface  a  little  above  the  level  it  /,  and  be  continued  deep  enough 
to  enter  the  stratum  e,  water  will  rise  m  this  shaft  to  a  point  n  a  litue 
below  the  smiace,  and  will  fonn  a  well.  If  the  shaft  be  sunk  at  a 
point  o  considerably  above  the  level  of  the  line  I  k,  and  be  continued, 
as  before,  deep  enough  to  enter  the  stratum  e,  then  the  water  will 
rise  to  the  pointy  corresponding  in  ils  level  with  1,  and  it  will  be 
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neocBsary  to  raiso  it  to  tke  surface  o  by  means  of  a.  pump  workiiig 
in  tke  shaft  0  p. 

"Water  confined  in  tte  lower  strata  of  the  earth  in  this  maimer 
sometime  burats  its  bounds  and  rushes  into  the  bed  of  the  sea. 

649.  Singular  effect  of  hydrostatic  pressure  in  ike  Rio  los  Gar- 
tos. — It  is  statad  by  Humboldt,  that  at  the  mouth  of  the  Rio  loa 
Gartos,  there  ace  numerous  springs  of  fresh  water,  at  the  distance  of 
five  Lundred  yards  from  the  shore.  Instances  of  a  similar  kind  occur 
in  Uui'licgtoE  Bay,  on  the  coast  of  Yorkshire,  in  Xagua,  in  the  island 
of  Cuba,  and  elsewhere. 

650.  Examples  of  the  sudden  disappearance  of  rivers.  — In  ac- 
complishing their  descent  to  the  level  of  the  ocean,  rivers  sometimes 
suddenly  disappear,  finding  through  subterranean  caverns  and  chan- 
nels a  more  precipitate  course  than  any  which  the  surface  offers. 

After  passing  for  a  certain  space  fJios  under  ground,  they  reappear 
and  Sow  in  a  channel  on  the  surface  to  the  sea.  Sometimes  their  sub- 
terraneous passage  becomes  choked,  and  they  are  again  forced  to  find 
a  channel  oa  the  surface.  The  waters  of  the  Oconoko  lose  them- 
selves beneath  immense  blocks  of  granite  at  the  Raudal  d6  Caiiven, 
which,  leaning  against  one  another,  form  great  natui'al  arches,  under 
which  the  torrent  rushes  with  immense  fury.  The  Rhone  disappears 
between  Seyssel  and  Sluys.  In  the  year  1752,  the  bed  of  the  Rio 
del  Norte,  in  New  Mesico,  became  suddenly  dry  to  the  extent  of 
sixty  leagues;  the  river  had  precipitated  itself  info  a  newly-formed 
chasm,  and  disappeared  for  a  considerable  time,  leaving  the  fine  plains 
upon  its  banks  entirely  destitute  of  water.  At  length,  after  a  lapse 
of  several  weeks,  the  subterraneous  channel  having  appal-ently  become 
choked,  the  river  returned  to  its  former  bed.  A  similar  phenomenon 
ia  said  to  have  ooonrred  in  the  river  Amaaon,  about  the  beginning  of 
the  eighteenth,  century.  At  the  village  of  Puyaya,  the  bed  of  that 
vast  river  was  suddenly  and  completely  dried  up,  and  remained  so  for 
several  hours,  in  consequence  of  part  of  the  rooks  near  the  cataract 
of  Itentena  having  been  thrown  down  by  an  earthcLuake. 


CHAP.    IV. 

SOLIDS  IMMERSED  IN   LIQUIDS, 


651,  Effects  of  immersion.  —  The  immersiou,  partial  or  total,  of 
solids  in  liquids,  is  attended  with  effects  of  great  importance  in  physi- 
ciil  science  and  its  application  in  the  arts. 

In  espliuning  these  effecia,  we  shall  limit  our  observations  in  the 
first  instance  t«  solicU  which  will  not  be  dissolved  in  the  liquids  in 
816 
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wliich  they  are  imraersecl,  and  whose  surfaces  the  liquid  will  not  pene- 
trate. Tte  two  following  priuciples  are  demonstrated  by  theory,  and 
Terified  by  experiment : — 

let.  If  a  solid  he  immersed  in  a  liquid,  it  will  displace  as  much  of 
the  liquid  aa  is  equal  in  volume  to  the  part  immersed. 

2d.  When  bo  immersed,  it  will  he  pressed  upwards  by  a  vertical 
force  equal  to  the  weight  of  the  liquid  which  it  displaces. 

The  former  of  these  propositions  may  be  considered  as  nearly  self- 
evident.  If  the  liquid  do  not  penetrate  fie  surfiiee  of  the  body  im- 
mersed in  it,  it  must  necessarily  be  displaced  by  this  body,  and  the 
quantity  so  displaced  will  evidently  be  equal  to  the  volume  of  that 
part  of  the  solid  whioh  is  immersed. 

If  the  vessel  oontidning  the  liquid  before  immersion  were  brimfiil, 
then  the  immersion  of  the  solid  would  cause  so  much  of  the  liquid  to 
overflow  as  would  be  equal  in  volume  to  the  solid  immersed.  If  the 
vessel  were  not  brimful,  thea  the  surface  of  the  liquid  in  it  would  be 
raised  by  the  immersion  of  the  solid  just  so  much  as  it  would,  be  raised 
by  pouring  in  so  much  liquid  as  is  equal  in  volume  to  that  part  of  the 
solid  which  is  immersed, 

652.  Volmte  of  a  solid  measured  by  immersion.  —  la  this  man- 
ner, the  magnitude  of  solids  may  be  easily  measured  }ij  immersing 
them  in  liquids,  and  measuring  the  quaritity  of  the  liquid  which  they 
displace.  Thus,  if  a  solid  plunged  in  a  vessel  brimful  of  a  liquid, 
cause  ten  oubic_inches  of  that  liquid  to  overflow,  then  it  may  be  con- 
cluded that  the  magnitude  of  the  solid  immersed  is  ten  cubic 
inches. 

653.  Wiiy  liquids  are  usually  expressed  hy  measure,  and  solids 
iy  weight.  — It  is  difficult  directly  to  measure  the  volumes  of  solids, 
unless  they  have  some  regular  figure.  Liquids,  on  the  other  hand, 
adapting  tiiemselves  to  the  form  of  any  vessel  in  which  they  are 
placed,  admit  of  measurement  by  pouring  tliem  into  vessels  of  known 
capawty.  Hence  it  is,  that  the  quantities  of  liquids  are  usually  ex- 
pressed by  measure,  while  those  of  solids  are  commonly  expressed  by 
weight  But  by  the  method  just  explained,  Kquids  supply  easy  means 
of  measuring  the  volumes  of  solids,  no  matter  how  irregular  the  shape 
of  the  latter  may  be,  provided  only  that  the  solids  to  be  measured 
will  not  dissolve  in,  or  be  penetrated  by,  the  liquid  in  which  it  is  im- 
mei-sed. 

654.  Proof  thai  a  solid  immersed  loses  the  weight  of  the  liquid  it 
displaces. — The  second  of  the  above  propositions  may  be  demou- 
Btiated  as  follows  : — 

Let  ABCD,^g,  193.,  be  a  vessel  containing  a  quantity  of  liquid  at 
rest,  whose  level  surface  is  L  l'. 

If  we  suppose  a  part  of  this  liquid  ha\iiig  any  proposed  form  M  N 
to  be  rendered  solid,  but  without  sustaining  any  other  chMge  in  iis 
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int'inol  co»Btrui,tinii  nr  arrangement,  Bach  part 
will  atiU  ooBtiniie  at  leat,  since  no  new  foroe 
■will  be  introduced  tending  to  disturb  its  equi- 
libiiuiu  Let  ft  be  the  centre  of  gravity  of 
Ihe  mass  m  n  It  is  evident  that  it  will  have, 
in  ■Mrtne  of  ita  weight,  a  pendency  to  sink  in 
a  ■verti^.al  line  a  v  directly  from  Q  downwards, 
With  a  force  equal  to  its  weight. 

Now,  as  it  does  not  sinlc  by  means  of  its 
weight,  it  mu'it  n.cenQ  from  Uie  surrounding 
Fig  1J3  fluid  pressures  the  resultant  of  which  is  a  sin- 

gle foice  eyual  and  opposite  to  G  v,  and  which, 
tbcrtfore,  must  be  dnected  upwards  in  the  line  G  v'  with  an  intensity 
repiesented  by  the  weight  of  the  mass  U  N. 

Now  it  IS  evident,  that  if  this  mass  be  changed  in  any  manner  in 
its  internal  coo'truction,  its  form  and  magnitude  being  however  pre- 
secvi-d,  it  will  still  continue  to  be  subject  to  tie  same  pressure  as  be- 
f  jre  from  the  TOrrounding  fluid,  and  consequenlly  will  still  be  pressed 
upwa-ds  with  the  same  force. 

Hence  it  follows,  that  if  any  solid  whatever,  of  any  form  or  mag- 
nitude, be  submerged  in  a  liquid,  it  will  receive  from  that  liquid  upon 
ita  surfeice  pressures,  the  resultant  of  which  will  be  a  single  force 
equal  in  qnantitj  to  the  weight  of  the  fluid  displaced,  and  directed 
vertically  upwards  from  the  point  which  would  be  the  centre  of  gravity 
of  such  fluid,  and  which,  is  in  efl'ect  the  centre  of  gravity  of  the  sub- 
merged solid,  if  such  solid  have  uniform  density.' 

655.  Centre  of  hioyancy  or  pressure.  —  Hence  this  point,  which 
thus  determines  the  upward  action  of  the  fluid  surrounding  any  im- 
mersed body,  is  called  the  centre  of  buoyancy,  and  sometimes  the 
(lentce  of  pressure. 

656.  Conditions  under  which  a  solid  mil  sink  or  swim.  —  From 
this  it  will  be  easily  perceived  that  a  solid  will  either  rise  to  the  but- 
feoe,  sink  to  the  bottom,  or  remwn  suspended,  according  as  its  weight 
is  loss  than,  greater  than,  or  equal  to  the  weight  of  its  own  bulk  of 
the  liquid;  for,  since  the  pressure  upwards  is  equal  to  the  weight  of 
its  own  bulk  of  the  liquid,  if  this  pressure  exceeds  its  own  weight  it 
will  necessarily  rise  by  such  esoess  of  pressnre;  if  such  pressure  be 
less  than  its  own  weight,  then  it  will  sink  with  the  excess  of  its  own 
weight  above  such  pressure;  and  if  that  pressnre  be  equal  to  its  own 
weight,  then,  the  upward  and  downward  tendeniaes  being  eipal,  the 
body  will  remain  suspended,  neitJier  Making  nor  rising. 

It  has  been  cnstomai^  to  espre^  these  efleets  by  stating  that  a 
solid  submerged  in  a  liquid  loses  so  much  of  its  own  weight  as  is 
equal  to  the  weight  of  the  liquid  it  displaces,  or,  what  is  the  same,  to 
ihe  weight  of  its  own  bulk  of  the  liquid. 

65T-  Experimental  verification.  —  This  effect  can  be  verified  by 
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esperimcnt.  If  a  body  bo  weighed  in  a  common  balance,  and  after- 
wards be  suspended  from  the  arm  of  tbe  balance,  submerged  in  the 
liqaid,  and  agdn  weighed,  it  will  be  found  that  its  weight,  when  so 
submerged,  will  be  lesa  than  its  weight  before  it  was  submerged  Jiy 
the  weight  of  as  much  of  the  liquid  as  is  equal  to  its  own  volume. 

It  would,  however,  be  an  error  to  infer  from  this  that  the  weight 
which  the  solid  in  this  case  seems  to  lose,  is  destroyed.  It  is  easy  to 
show  that  this  portion  of  its  weight  is  supported  by  the  liquid ;  for  if 
the  vessel  oonteining  the  liquid  be  weighed  with  its  contents  before 
the  solid  is  immersed,  and  afCeiwards,  it  will  be  found  that  after  the 
solid  has  been  submerged,  the  vessel  containing  the  liquid  will  be 
heavier  than  before  by  exactly  the  weight  which  the  solid  appears  to 
loso ;  that  is  to  say,  by  the  weight  of  so  much  of  the  liquid  as  would 
fill  the  space  occupied  by  the  solid 

It  is  therefore  more  corr    ttotttbtwh  Id     immersed 

in  a  liquid,  sUoh  a  part  of  th  w  ght  f  h  lid  pp  ted  by 
the  liquid  as  is  equal  to  th    w  ght   f  li    f  th    1  j    d  as  is 

equal  to  the  volume  of  the     hi 

658.    Origia   of  this  d  y—^      d  I       f  Jl    1       des.~ 

The  hydrostatical  priaoiple  a  vi  t  f  wh  I 
a  liquid  loses  weight  equal  t  th  t  f  th  1  j 
covered  by  Arehimedea.     Alth    gh  tb     p        pi 


understood  and  familiarly  k 
discovery  made  by  Archim  ic^  wh  1 
effect  produced  upon  his  ow  p  rs 
was  such,  that,  frantic  witi   j  y  b 


h    h 


1  pi 

f  twdt 
d      fl    f    , 


the 


9  of 


il   1 


discovered  it,  I  have  discov     d  t  ) 
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659  A  fi  tng  b  di)  d  pi  ts  own 
V)  n  f  tl  Iq  d  — W  h  1  e  sujh 
p  dth  Idstob  totllj  b  „cd;  let 
IB  now  consider  the  ease  in  which  they  are 
partially  immersed. 

Let  iEO»,jE^.  194.,  be  the  vessel  con- 

tammg  the  liqaid,  M  N  the  body  which  is 

pattially  immersed,  L  l'  the  surface  of  the 

Fig  191  liquid,  E  N  F  the  part  of  the  solid  which  is 

immersed      \ccoidiiig  to  whit  his  been  esplained,  the  body  will  be 
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subject  to  an  npwarcl  preffiure  equal  to  tte  weight  of  the  fluid  which 
it  displaces ;  and  aince  it  k  also  snbject  to  a  downward  pressure  equal 
to  its  own  weight,  it  will  sink  deeper  in  the  fluid,  or  rise  to  a  less 
deptb,  or  remaia  suspended,  according  as  theao  two  opposite  forces 
are  related.  If  the  weight  of  fie  body  he  greater  than  the  weight  of 
the  liquid  which  it  displaces,  it  will  sink  deeper ;  if  the  weight  of  the 
Kolid  be  less  than  the  weight  of  the  fluid  it  displaces,  then,  the  up- 
ward pressure  prevwling  oyer  the  downward  pressure,  it  will  rise; 
and  it  can  only  remain  suspended,  without  either  rising  or  sinking, 
when  the  weight  of  the  fluid  it  displaces  is  equal  to  its  own  weight 

Hence  it  appears,  that  when  a  solid  flouts  on  a  liquid,  neither  sink- 
ing nor  rising,  it  must  displace  as  much  of  the  fluid  as  is  equal  to  its 
own  weight. 

660.  Solids  sink  or  swim  as  they  are  Jieavier  or  lighter  tJian  their 
own  hulk  of  tlie  liquid.  —  Solids,  therefore,  can  ne^er  float  if  they  be 
heaTier,  hulk  for  bulk,  than  the  liquids  in  which  they  are  immersed. 
If  they  be  equal  in  weight,  hulk  for  bulk,  with  the  liquid,  they 
will  ank,  until  they  are  totally  immersed ;  but  when  once  they  are 
totally  immersed,  then,  the  upward  and  downward  pressures  being 
equal,  the  solid  will  neither  sink  nor  rise,  hut  will  remain  suspended 
at  any  depth  at  which  it  may  be  placed. 

To  verSy  this  experimentally,  let  a  hollow  hrass  hall  be  prorided. 
with  a  pipe  and  stop-cock,  so  as  to  adroit  of  fine  sand  being  let  into 
it.  Let  the  quantity  of  sand  be  first  so  adjusted  thai  the  weight  of 
the  ball  shall  exactly  equal  the  weight  of  its  own  hulk  of  water.  If 
the  ball  thus  prepared  he  submerged  in  water,  it  will  float  at  any 
depth  at  which  it  is  placed,  neither  rising  nor  sinking;  but  if  the 
weight  of  the  hall  be  increased  by  the  addition  of  more  sand,  it  will 
sink  more  and  more  rapidly  as  the  excess  of  weight  is  augmented; 
and  if,  on  the  other  hand,  its  weight  be  diminished  by  wiUidrawing 
from  it  a  part  of  its  contents,  so  as  to  render  it  less  than  the  weight 
of  its  own  bulk  of  water,  it  will  rise  more  and  more  rapidly,  accord- 
ing as  the  escess  of  the  weight  of  its  own  hulk  of  water  above  its 
weight  is  greater. 

661  The  buoyancy  of  a  solid  depends  an  the  ratio  of  its  weight 
to  the  weight  of  art  equal  bulk  of  the  liquid.  —  The  support,  whether 
paitial  or  total,  which  a  sohd  sustains  from  a  liquid  in  which  it  is 
immersed,  is  expressed  by  the  fiimiliar  term  buoyancy.  It  appears 
ticm  what  has  been  explained,  that  a  solid  is  buoyant  in  a  Hquid  in 
lircpoition  IS  it  is  light  and  the  liquid  heavy.  Thus  the  same  solid  is 
raoie  buoyant  in  quicksilver  than  in  water;  and  in  the  same  liquid, 
jik  IS  more  buoyant  than  lead. 
A  solid  which  wOl  float  in  one  liquid  will  sink  in  another :  thus 
glass  sinks  in  water,  but  floats  in  quicksilver;  ebony  sinks  in  spirits 
uf  wine,  but  floats  in  water ;  ash  and  beech  float  in  water,  but  sink  in 
ether.     All  these  eS'ects  are  explained  by  the  fact,  that  in  each  case 
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the  solid  sioks  or  mes  according  as  it  is  heavier  or  lighter,  TduIIi  for 
^ullc,  thaa  the  liquicl. 

6S2.  Why  weights  are  more  easily  raised  under  water.  — A  hlook 
of  stone  or  other  heavy  suhstanoe  is  more  easily  raised  at  the  bottom 
of  the  6Pa  than  the  Bame  hloclt  would  be  on  land,  because,  immersed 
in  the  sea,  it  is  lighter  by  the  weight  of  its  own  bulk  of  sea-water 
than  it  would  be  on  land. 

Ib  building  piers  and  other  subaqueous  works  this  is  rendered 
inanifeat.  Those  who  thus  work  seem  endowed  with  supernatural 
strength,  raising  with  ease,  and  adjusting  in  their  places,  rooks  which 
they  would  vainly  attempt  to  move  above  water.  After  a  man  has 
worked  for  a  considerable  time  under  a  diving-bell,  he  finds,  upon 
returning  to  the  upper  air,  that  he  is  appai-ently  weak  and  feeble ; 
everything  which  he  attempts  to  lift  appears  to  have  unusual  weight, 
and  the  action  of  his  own  limbs  is  not  effected  without  inconve- 

663.  The  buoyancy  of  the  human  body  in  water — its  effects. — ■ 
The  human  body  does  not  differ  much  fwrn  the  weight  of  its  own 
bulk  of  water;  consequently,  when  bathers  walk  in  wafer  chin-deep, 
their  feet  scarcely  press  on  the  bottom,  and  they  have  not  sufficient 
purchase  upon  the  ground  to  give  them  stability.  K  they  are  ex- 
posed to  a  current  or  any  other  agitation  of  the  fluid,  they  wjll  be 
easily  taken  off  their  feet. 

When  air  is  drawn  info  the  lungs,  the  body  becomes  enlarged  by 
its  distension;  and  when  it  is  expired,  the  dimensions  of  the  body 
are  again  diminished.  The  weight  of  the  body  is  so  nearly  equal  to 
that  of  its  own  hulk  of  water,  that  this  change  of  magnitude,  smail 
as  it  is,  is  sufficient  to  make  it  alternately  lighter  and  heavier  than  its 
own  volume  of  water.  When  a  bather,  therefore,  inspires  so  as  to 
fill  his  chest  with  air,  he  becomes,  in  a,  slight  degree,  hghter  than 
water  and  his  head  rises  above  the  surface ;  when,  on  the  other  hand, 
he  expires,  the  body  contracting  its  dimensions  without  changing  its 
weight,  becomes  heavier  than  water,  and  he  sinks.  Without  some 
action  to  counteract  this  oscillation,  the  alternate  sinking  and  rising 
would  produce  inconvenient  elfects;  but  this  may  be  prevented  by' a 
shght  action  of  the  hands  and  feet,  which  resists  the  intermitting 
tendency  to  sink. 

The  ficility  with  which  different  individuals  are  able  to  float  or 
swim  varies  according  to  the  proportion  which  the  lighter  constituents 
of  the  body,  such  as  the  softer  parts,  bear  to  the  heavier,  such  as  the 
honea 

60-1  .9ny  body,  however  Jteavy,  may  fioat  when  its  form  and 
position  fulfil  certain  conditions. — A  body  composed  of  any  materia!, 
however  heavy,  maybe  so  formed  as  to  float  on  a  liquid,  however 
light  The  method  of  accomplishing  this  is  by  giving  to  the  solid 
cnch  '^  slapo  that,  when  immersed  in  the  liquid,  some  space  within 
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the  veaselj  bolow  the  external  surfitoe  of  the  liquid,  wJU  be  occupied 
by  air  or  some  other  substance  lighter  than  the  liquid. 

Thus,  if  a  tea-cup  be  placed  with  its  bottom  downwards  in  water  it 
will  float,  aud  if  wat«r  be  poured  into  it,  it  will  still  float,  but  it  will 
be  found  that  the  &uvface  of  the  water  in  the  tea-oup  will  always  be 
below  that  of  the  external  water,  the  wr  which  owiupies  the  difference 
of  the  levels  producing  the  buoyancy. 

A  ship  may  be  onmposed  of  materials  heavier,  taken  coUeotirely, 
than  their  own  bulk  of  water,  and  ne^erthel^s  it  fioats,  because  its 
hull  contains  air  and  other  substances  much  lighter  than  water ;  but 
if  such  a  ship  spring  a  leak  it  will  sink. 

Vessels  laden  with  cork,  certain  sorts  of  timber,  and  other  sub- 
planees  lighter,  bulk  for  bulk,  than  water,  will  often,  become  water- 
logged, but  the  vessel  aud  the  cargo  taken  together  arc  lighter  than 
their  own  bulk  of  water. 

An  iron  boat  will  float  with  perfect  security,  and  if  it  be  formed 
of  double  plates  of  metal,  enclos-ing  a  sufficient  hollow  space  be- 
tween them,  nothing  can  sink  it,  so  long  as  such  casing  remains  un- 
injured. 

665.  Weigh.1.  of  cargo  estimated  hy  displacement. — The  weight  of 
a  vessel  including  its  cargo  being  equal  to  that  of  the  water  which  it 
displaces,  the  weight  of  the  cargo  oan  always  be  determined  by  the 
quantity  of  displacement.  K  the  displacement  of  the  unladen  ves- 
sel be  subtracted  from  the  displacement  of  the  vessel  with  its  full 
freight,  the  difference  will  be  the  volume  of  wat«r  which  is  equal  in 
■weight  to  the  cargo. 

666.  Heavy  bodies  supported  or  raised  hy  light  and  huoyanl 
bodies.  —  The  buoyancy  of  hollow  solids  is  frequently  used  for  the 
purpose  of  raising  or  supporting  heavier  solids. 

Thus  bladders  are  used  to  support  the  body  in  water.  Inflated 
india-rubber  bags  or  belts  are  used  as  life-preservers.  Hollow  boxes 
or  tanks  are  used  for  the  purpose  of  raising  sunken  vessels ;  th^e 
hoses  are  let  down  filled  with  water,  and  means  are  provided,  when 
they  veach  the  bottom  and  are  attached  by  means  of  diving-bells  to 
the  vessels  to  be  ndsed,  of  pumping  out  the  water  they  contMU. 
They  thus  become  empty,  and  if  they  have  sufficient  strength  to  re- 
sist the  pressure  of  the  surrounding  liquid,  and  sufficient  buoyancy  to 
overcome  the  weight  of  the  vessel  to  which  they  are  attached,  they 
will  accomplish  their  purpose. 

667.  Method  of  fioatifig  vessels  over  shoals. — The  same  experi- 
ment is  sometimes  used  to  carry  v^sels  over  shoals.  An  East  In- 
djamau  drawing  15  feet  of  water  has  been  so  much  elevated  by  these 
means  as  to  draw  only  11  feet.  The  lai-gest  vessels  of  war  in  the 
Dutch  service  were  enabled  by  these  means  to  float  over  the  banks  of 
the  Zuyder  Zee. 

I  of  water  fowl  and  aquatic  ammdls. — The  bodies 
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of  certain  species  of  animals  aie  much  lighter  thin  tLeir  own  bult 
of  witer  Watei-lowl,  m  geneial,  present  examples  of  this,  their 
plumige  contributing  much  to  their  buoyancy  Fishes  have  the 
power  of  changiuc  their  bulk  by  the  voluntary  distension  of  au  air- 
ve'i'iel  which  la  included  in  their  organization  By  these  meaus  they 
can  ipnder  themsehei  at  will  lighter  or  heayjet  than  their  own  hulk 
of  water,  and  rise  to  the  surface  or  sink  to  the  bottom  As  fishes 
cj,uuot  obtain  the  an  neceasaiy  foi  this  voluntaiy  inflation  from  a  -sur- 
rouudmg  medium,  thej  are  provided  with  an  apparatus  by  whi&h  they 
can  geiieiate  gas  for  the  purpose.  This  gas  is  in  general  not  aimilar 
tD  itmospherio  air.  In  such  species  of  fish  as  live  near  the  aurfetee, 
it  13  found  to  be  generally  pure  azote  or  hydrogen ;  in  those  species 
which  inhabit  strata  of  tho  deep  having  a  depth  of  from  3000  to 
4000  feet,  the  gas  generated  coasista  of  90  parts  of  oxygen  and  10  of 

669  The.  functions  of  aquatic  ardmals  adapted  to  the  depths  at 
tohirh  they  prevail.  —  At  a  depth  of  30,000  feet,  the  external  pres- 
suie  would  render  these  gases  as  heavy  as  their  bulk  of  water,  and 
consequently  the  apparatus  for  generating  them  would  lose  its  effi- 
ciency Iq  fishes  which  are  drawn  up  from  depths  of  about  3000 
feet,  the  gis  included  in  this  apparatus  which  was  subject  below  to  an 
exlcmal  piessure  of  1500  lbs,  per  square  inch,  being  a  hundred  times 
the  atmospheric  pressure,  swells,  when  brought  above  the  water,  to 
ibout  a  hundred  times  its  original  bulk.  This  produces  some  curious 
efiects,  the  iutemal  oi^us  increasing  to  such  an  extent  that  a  part  of 
them  is  driven  out  of  the  mouth  of  the  fish,  presenting  the  singular 
appeaiaace  of  an  inflated  bladder. 

This  circumstance,  which  is  curious  aud  interesting,  suggests  the 
probability  that  the  different  parts  of  the  sea  are  each  peopled  by  their 
luhabitauta,  varying  not  only  according  to  chmate,  but  according  to 

670.  Why  droioned  hod  s  toll  u  fa  e. — Feats  of  divers. 
—  When  au  animal       first  d    wned  b  ng  expelled  from  the 

lungs,  the  body  is  h  ^yie  tl  an  ts  bulk  of  water ;  but  when  decom- 
position takes  place  ga  es  a  e  ten  ated  n  arious  organs,  the  ves- 
sels become  distended  and  the  body  b    on  ea  lighter  than  water,  and 

A  solid  haying  ai  n  lud  d,  wh  h  s  exposed  to  the  pressure  of  the 
liquid  in  which  it  is  immersed,  may  rise  to  the  surface,  if  it  be  only 
sunk  to  a  certain  depth;  but  by  sinking  it  deeper,  the  pressure  of 
tlie  liquid  would  condense  the  air  within  the  solid,  so  that  the  weight 
of  the  solid,  including  the  air,  becomes  greater  than  that  of  the  liquid 
it  displaces,  in  which  case  it  can  no  longer  rise.  A  diver  who  plunges 
in  the  sea  is  lighter  when  he  enters  than  his  own  bulk  of  water;  but 
if  he  sink  to  a  certain  depth,  his  dimensions  will  bo  so  contracted  by 
the  surrounding  pressure,  that  ho  will  displace  a  less  quantity  of  water 
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than  his  own  weight,  anj  tLerefore  catmot  rise  by  mere  huoyancy,  but 
must  ascend  by  tlie  exertion  of  liis  limbs,  swimming  upwards. 

671.  Conditions  wAicA  determine  tlie  position  in  wJtich  a  body 
floats  at  rest. — The  conditions  which  detCTmine  the  equilibrium  of 
a  floating  body,  so  far  as  relates  to  vertical  motion,  ha,ye  been  fully 
esplaioed ;  but  altbough  the  body  which  floats  may  neitler  sink  nor 
rise,  it  does  not  therefore  follow  that  it  will  be  at  rest.  If  any  body 
of  irregular  figure  float  upon  water  and  be  at  rest,  its  position  may  be 
temporarily  changed  without  either  rMsing  or  depressing  it ;  and  Lf 
so  changed,  upon  being  disengaged,  it  wilt  oscillate  in  the  fluid  for 
some  time,  until  at  length  it  settles  into  a  position  of  rest,  and  during 
this  oscillation  the  body  will,  so  far  as  vertical  motion  is  concerned, 
bo  at  rest;  it  will  neither  sink  nor  rise,  nevertheless  it  will  not  be  in 
equilibrium.  It  remains,  therefore,  to  inyestigate  what  are  the  con- 
ditions which  determine  the  absolute  repose  of  a  floating  body,  and 
what  arc  those  forces  which  give  it  an  oscillatory  motion  without  either 
rising  or  sinking. 

According  to  what  has  been  already  proved  with  reference  to  the 
centre  of  buoyancy,  this  question  of  the  oscillation  of  floating  bodies 
adrailB  of  easy  explanation.  It  has  been  shown  that  the  upward  pres- 
sure exerted  by  a  fluid  oa  a  solid  immersed  in  it  passes  through  that 
point  which  is  the  centre  of  gravity  of  the  fluid  displaced  by  it,  while 
the  downward  pressure  due  to  the  weight  of  the  body  always  pa^es 
tlirough  the  centre  of  gravity  of  the  body  itself. 

Now  it  is  clear  that  if  these  two  points,  that  is  to  say,  the  centre 
of  gravity  of  the  floating  body  and  the  centre  of  buoyancy  or  the 
centre  of  gravity  of  the  fluid  which  it  displaces,  be  not  in  the  same 
vertical  line,  their  combined  efiect  must  be  to  turn  the  body  round  in 
the  fluid  until  they  are  brought  into  the  same  vertical  line.  When 
this  happens,  the  two  forces  being  in  opposite  directions  and  equal 
will  keep  each  other  iu  equilibrium,  and  will  keep  the  body  at  rest. 
This  will  be  rendered  more  clearly  intellidble  by  reference  to  the  diii- 
gram,^.  195. 

Let  A  B  0  D  bo  a  vessel  containing  a  liquid  whose  surface  is  ii  l'. 
Let  M  N  be  a  body  floating  upon  it,  and  displacing  so  much  of 
the  liquid  as  is  equal  to  its  own  weight.  Let  a  be  the  centre  of 
gravity  of  the  body,  and  let  q'  be  its  centre  of  buoyancy,  or  the  centre 
of  gravity  of  that  portion  of  the  liquid  which  the  body  displaces. 
Now  according  to  what  has  been  stated,  the  upward  pressure  produced 
by  the  liquid  takes  place  in  a  vortical  line  G'  o'  from  the  point  a', 

e  downward   pressure  due  fa  the  weight  of  the   body  is 

ia  a  vertical  line  G  o  downwards  from  the  point  G ;  and 
e  the  body  is  supposed  to  he  iu  equilibrium,  so  far  as  relates  to 
vertical  motion,  these  two  foroes  m\ist  be  equal.     The  body  M  N  there- 
fore, is  under  the  operation  of  two  equal  forces,  one  acting  in  the  line 
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a  o  ind  tie  other  o  o  , 
•md  it  1"  eviJLiit  that  thest 
i  loeswill  hive  i  teadency 
to  turn  the  body  rounil  in 
tbo  duection  si  Q  N  P 

It  13  evident  that  such  a. 

motun  must  he  impirted  to 

the   hudy   aa    long   as    the 

points   G  and   G ,  through 

which  the  two  equal  and  con 

tiiry  forcLg  pa&a  aie  not  7W 

■    i/ie  lame  vertical  Itne  ,  but 

if  these  points   be  in  the 

y  same  vertn^al  hue,  then  the 

two   equal  forces  loting  m 

Fij,  1 1'^  diieetions    immediately   op 

posed  to  each  othei  will  be 

m  equihbiium,  ind  the  body  will  he  at  rest 

It  m^y  be  inferred,  therefore,  that  the  condition  of  ecLuihbnum  of 

afltatngloh  1^  two  fold 

1°  Thit  It  shill  displice  as  much  ff  the  hquid  as  i?  equil  to  its 
wn  weight 

_°  Thit  the  Ime  icming  the  tentie  of  gravity  and  the  centre  of 
1  uj\  incy  «ha!l  he  vertical 

Ihe  tormer  condition  determines  the  equilibrium  of  the  body  with 
reference  to  vortical  motion,  and  the  latter  with  reference  to  rotatory 
motion. 

672,    Condition  of  stable  equilibrium  of  a  floating  body.  —  In  a 
former  chapter  the  characters  of    t  hi      n  tabl     and  n    tral  eq    1 
brium  have  been  established.     All  tb       nl  t   n     n    1  ntal  to  th 
stiites  are  manifested  in  the  case    f  fl    t    g  bodi 

It  must  he  remembered,  that  th  oen  f  gr  vity  f  body  s 
characferized  invariably  by  this  p  p  tj  th  t  t  11  Iw  nd 
vour  to  assume  the  lowest  position  wh  h  t  h  comp  t  hi)  with 
the  conditions  in  which  the  bodj  is  pi  d  1  tb  t  nae  j  ntly 
when  it  is  in  such  lowest  position,  the  body  wjll  be  in  stable  eqmh- 
brium.  But  since  by  any  disturbance  of  that  position  the  centre  of 
giavity  must  be  raised,  it  will  have  an  immediate  tendency  to  resume 
it,  and  the  body  will  oscillate  round  that  position,  nntil  finally  the 
centre  of  gravity  settles  into  it,  and  the  body  comas  to  rest. 

A  floating  body  is  therefore  in  stable  equilibrium  when  its  centre 
of  gravity  has  the  lowest  position  which  it  can  have  compatibly  with 
the  first  condition  of  equilibriam  of  floating  bodies,  viz.  that  the  body 
shall  displace  its  own  weight  of  the  liquid.  It  is  evident  that  the 
same  solid  may  be  immersed  in  a  liquid  in  an  infinite  variety  of  posi- 
tions, in  all  of  which  it  shall  displace  its  own  weight  of  (lie  liquid. 
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Now  in  all  these  positions  tbe  centra  of  graritf  of  the  solid  will  in 
general  be  found  at  different  deptlis.  When  a'e  body  has  that  posi- 
tion at  which  il«  depth  is  greatest,  it  will  be  in  stable  equilibrium; 
but  any  change  from  that  position  necessarily  causing  the  centre  of 
gravity  to  rise,  the  body  would,  in  virtne  of  the. general  property  of 
the  centre  of  gravity  already  mentioned,  have  a  tendency  to  return  to 
that  position,  and  would,  in  fiict,  oscillate  until  it  should  recover  it. 

673.  Position  of  instable  equilibrium.  —  If  the  line  joining  the 
centre  of  gravity  of  the  solid  and  the  centre  of  buoyancy  be  vertical, 
but  the  position  of  the  body  be  such  that  any  slight  disturbance  of  its 
position,  which  shall  still  cause  it  to  displace  its  own  weight  of  fluid, 
will  make  the  centre-  of  gravity  descend  then  the  centre  of  gravity 
cannot  resume  its  former  position;  but  in  virtue  of  the  property  al- 
ready explained  it  cannot  rise,  consequently  the  body  will  necessarily 
turn  untii  the  centre  of  gravity  descends  to  the  lowest  position  which 
it  can  have  compatibly  with  displacing  its  own  weight  of  the  liquid. 
This  will  be  the  position  of  stable  equilibrium ;  the  former,  in  which 
the  centre  of  gravity  was  at  a  point  from  which  it  could  not  move 
without  descending,  although  in  the  same  vertical  line  with  the  centre 
of  buoyancy,  was  a  poation  of  instable  equilibrium. 

674.  Condition  of  neitlral  equilibrium. — It  happens,  in  particu- 
lar cases,  that  the  centre  of  gravity  of  a  body  is  not  altered  in  the 
height  by  any  change  of  position  of  the  body  compatible  with  dis- 
placing its  own  weight  of  fluid.  In  such  a  case  the  body  will  float 
in  eiiuihbrinm,  whatever  position  be  given  to  it,  and  this  corresponds 
to  the  condition  of  neutral  equilibrium.  A  sphere  of  uniform  density 
presents  an  example  of  this.  In  whatever  position  it  floats,  its  centre 
of  gravity'being  at  its  geometrical  centre,  and  the  part  immersed  be- 
ing always  a  segment  of  the  sphere  of  precisely  the  same  magnitude, 
the  centre  of  gravity  will  necessarily  be  always  at  the  same  level; 
and,  consequently,  the  sphere  will  float  indifi'ereiitiy  in  any  position 
in  which  it  may  be  placed. 

It  is  sometimes  said  that  a  floating  body,  subject  to  these  conditions, 
rests  in  stable  equilibrium  whatever  petition  be  given  to  it ;  but  this 
is  incorrect.  The  essential  character  of  stable  equilibrium  consist  in 
the  fact  that  the  floating  body,  if  disturbed  by  any  external  cause, 
will  recover  its  former  position  when  relieved  from  such  cause.  Now 
a  sphere,  or  any  other  body  which  has  neutral  equilibrium,  will  not 
recover  its  position  after  a  disturbance,  but  will  remain  in  the  new 
position  which  has  been  given  to  it.  In  short,  it  will  remain  indif- 
ferently in  any  position,  and  consequently  may  be  overturned  by  any 
force  which  may  be  applied  to  it 

675.  Conditions  which  dehrmme  Ihe  degree  of  stabihiy  of  a 
fioating  body.  —  The  stabihty  of  a  floatmg  body  is  susceptible  of 
degrees. 

Such  a  body  is  more  or  les«  otible,  accoidinj  to  the  force  with 
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wLiot  it  recovers  its  position  of  equilibrium  after  any  disturbance. 
In  general,  the  stability  will  be  inereaseJ  with  the  increase  of  the 
depth  of  the  centre  of  gravity  of  the  body  below  its  cBntre  of  buoy- 
ancy. For  this  reason,  vessels  which  are  appropriated  to  the  trans- 
port of  passengers,  or  even  of  cargoes  which  are  light  in  proportion 
to  their  hulk,  require  to  he  ballasted  by  depositing  at  the  lowest  part 
of  "the  Lull  immediately  above  the  keel  a  quantity  of  heavy  matter. 
i  Iq  packet  ships  the  ballast  used  for  tliis  purpose  is  usually  iron  pigs. 
I  The  centre  of  gravity  of  a  vessel  may  thus  be  brought  so  low  as 
I  to  give  it  such  st-ability  that  410  lateral  force  of  the  wind  acting  on  its 
sails  can  capsize  it.  Hence  is  explained  the  necessity  of  stowing  the 
heaviest  part  of  a  cargo  in  the  lowest  possible  position,  and  so  that 
its  centre  of  gi-avitj  shall  be  immediately  over  the  keel.  By  such 
arrangement  any  inclination  of  the  vessel  would  cause  the  centre  of 
gravity  to  rise,  to  accomplish  which  a  force  would  be  necessary  pro- 
portional to  the  weight  of  the  vessel,  and  the  height  through  which 
such  centre  would  be  elevated. 

The  equilibrium  of  a  boat  may  be  rendered  instable  by  the  passen- 
gers standing  up  in  it.  If  the  centre  of  gravity  of  a  vessel  be  not 
directly  over  the  keel,  the  vessel  will  incline  to  that  aide  at  which  it 
is  placed,  and  if  this  derangement  he  considerable,  danger  may  ensue. 
The  roUing  of  a  vessel  in,  a  storm  may  so  derange  its  cargo  that  the 
centre  of  gravity  would  he  brought  into  a  position  which  wili  throw 
the  vessel  on  her  beam-ends. 

676.  Jlnalysis  of  the  effect  of  a  side  wind  on  a  ship.  —  When 
the  centre  of  gravity  is  immediately  over  the  keol,  a  side  wind  acting 
on  the  swls  will  incline  the  vessel  the  opposite  way;  this  inclination 
v.ould  be  much  more  considerable  were  it  not  that  the  weight  of  the 
vessel   acting  at  the  centre  of  gravity 
counteracts  it,  and  has  a  tendency  to  re- 
^  store  the  vessel  to  the  upright  position. 
The   several  forces  which  maintain  the 
vessel  in  the  inclined  position  produced 
by  a  side  wind  may  be  illustrated  as  fol- 
lows.    Let  AB,  _^.  196.,  represent  the 
position  of  the  vessel;  let  s  represent  the 
i  point  at  which  the  wind  acta  upon  the 

sail,  and  let  8  w  represent  the  direction 
Fig.  196.  ^f  ^jjg  ^jiij      Let  E  be  the  centre  of 

gravity  of  the  vessel  and  her  cargo,  and  let  E  P  be  the  direction  in 
which  her  weight  acts.  Iiet  e'  be  the  centre  of  gravity  of  the  water 
which  the  vessel  displaces,  and  e'  s'  the  direction  of  the  upward  pres- 
sure. If  the  effect  of  the  upward  and  downward  forces  at  E  and  E' 
be  considered  for  a  moment,  it  will  be  perceived  that  they  have  a 
tendency  to  incline  the  vessel  to  the  side  opposite  to  that  towards 
which  it  is  inclined  by  the  wind.     By  the  principles  of  the  resolu- 
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tioii  of  forces,  the  force  a  w  may  be  replaced  by  three  others,  two  of 
which  being  equal  and  directly  opposed  to  the  npwaitJ  and  downward 
forces  at  b  and  e'  neutralize  them,  and  the  third  acting  parallel  to 
s  w  merely  carries  the  vessel  ddeways  perpendicular  to  its  Iseel,  pro- 
ducing what  J3  called  lee-may. 

677.  Expedient  adopted  in  steamers.  —  In  sailing-vessels  this 
sideward  inclination  is  a  matter  of  comparatively  slight  importance, 
iaasmuch  as  it  does  not  diminish  the  impelling  power  of  the  wind; 
but  in  hteam-vessels,  in  which  sails  are  occasionally  used,  it  is  at- 
tended witii  considerable  loss  of  the  impelling  power,  one  of  the 
paddle-wheels  being  lifted  out  of  the  water  and  the  other  being  al- 
most, if  not  entirely,  submerged.  "The  upright  position  may,  however, 
be  generally  maintained  by  Sie  due  management  of  moveable  weights 
placed  on  the  deck  of  the  vessel.  In  steam-vessels  small  carriages 
heavily  laden  with  iron,  and  furnished  with  wheels,  are  usually  placed 
on  the  deck,  and  may  be  rolled  from  side  to  side  or  placed  in  the 
middle,  so  as  to  regulate  the  poMtion  of  tlie  centre  of  gravity  accord- 
ing to  the  way  in  Which  the  vessel  is  affected  by  the  wind.  By 
moving  those  carriages  to  the  side  of  the  vessel  against  which  the 
wind  is  directed,  the  centre  of  gi'avity  is  moved  from  over  the  keel 
towards  that  side.  Let  B,fig.  197.,  represent  the  place  of  the  centre 
of  gravity  when  overthe  keel,  and  let  a  repre- 
sent the  point  to  which  the  centre  of  gravity  is 
transferred  by  moving  the  carriages  to  the  side 
t^  of  the  vessel;  let  s  be  the  point  where  the 
wind  acts  upon  the  sail  B  w :  the  weight  of 
the  vessel  acting  at  G  has  a  tendency  to  make 
it  incline  towards  M,  and  the  force  of  the  wind 
acting  at  s,  in  the  direction  8  w,  has  a  tendency 
X,  to  make  it  incline  towards  l.  These  two  forces 
counteract  oacli  other  and  the  vessel  maintains 
Fig.  197.  ^^  upright  positon. 


CHAP.    V. 

LIQUIDS  IK    MOTION. 

1378.  Subject  of  hydraulics.  —  The  branch  of  the  mechanical 
theory  of  liquids  which  comprises  the  investigation  of  the  principles 
which  govern  tlieir  motion,  is  called  Hydraulics  or  Hydrodynamics. 

It  includes  the  effects  which  attend  liquids  issuing  from  orifices 
made  in  the  reservoirs  which  contain  them,  or  forced  by  pressure 
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througb  tubes  or  apertures  in  pipes  OT  in  ciiaanals;  it  includes  also 
the  motions  of  rivers  and  canals,  and  the  resistances  produced  by 
forces,  developed  by  tlie  mutual  impact  of  liquids  i^nd  solids. 

679  Velocily  of  efflux  from  an  on^ce.  — If  a  small  hole  be  made 
m  tlie  'iide  of  a  vessel  whbh  contains  a  liquid,  it  rushes  from  it  with 
a  ceitain  velocity,  depending  on  tiie  pressure  at  the  point  where  the 
oiifice  la  made.  Since  this  pressure  is  the  cause  which  imparte  the 
momentum  or  moving  force  to  the  fluid,  it  will  necessarily  he  propor- 
tional to  su(,h  momentum.  But  this  momentum  is,  according  (o  what 
his  been  already  established,  proportional  to  the  quantity  of  liquid 
which  1"  put  in  motion,  aud  to  the  velocity  imparted  to  it,  and  is  ex- 
prpssed  by  muUiplying  the  quantity  of  liquid  which  escapes  from  the 
onfiee  m  a  second  by  the  velocity  with  which  such  liquid  is  moved. 
Now  the  column  of  hquid  which  passes  from  the  oiifice  ia  a  second  is 
that  whose  base  is  the  area  of  the  orifice,  and  whose  length  is  equiva- 
lent to  the  velocity  with  which  the  fluid  passes  through  it;  since  it  ia 
mdeut  that  so  much  of  the  fiuid  as  passes  through  the  orifice  ia  a 
second  would  form  a  column  whose  baae  is  the  orifice,  and  whose 
altitude  is  the  space  through  which  the  fluid  moves  in  a  seoond.  The 
effect  may  not  inaptly  be  illustrated  by  the  process  of  wire-drawing, 
in  which  the  metal  is  forced  through  a  circular  orifice.  The  quantity 
of  metal  which  passes  through  iu  a  seoond  would  be  determined  by 
the  area  of  the  oiifice  and  the  velocity  with  which  the  wire  ia  drawn. 
If,  then,  we  multiply  the  area  of  the  orifice  by  the  velocity  with  which 
the  fluid  passes  through  it  we  shall  obtain  the  total  quantity  of  fluid 
which  la  di  chaigel  m  a  seconl  Thus  if  the  aiea  of  the  orifice  be 
espreised  by  0  and  the  velocity  with  which  the  fluid  pa«aes  through 
the  oiifice  by  V  then  the  totil  quantity  uf  fluid  discharge  1  m  a  wcond 
will  be  espr  sse  1  by 

o   X   T. 

But  this  quantity  of  fluid  \t  ng  mo\ed  w  th  the  lel  citv  V  has 
a  inoviiit,  force  whi  h  will  be  espes'*el  bj  miltipiyiUj,  the  quan 
tity  of  flul  diechar^ed  !y  the  veloeitj  an  I  theiefoie  will  be  es 
piefised  )y 

0  X  V* 

680.  The:  velocity  of  efflux  not  the  ?ame  as  the  vehaly  wtlhtehick 
the  liquid  passes  the  orifice.  —  It  is  necessary  to  distmgmsh  the  velo- 
city of  efflux  from  the  velocity  with  which  the  liquid  pisses'tbrough 
the  orifice.  By  the  velocity  of  efflux  mu^-t  be  understood  the  quantity 
of  liquid  discharged  from  the  orifice  per  second,  while  the  velocity 
of  the  liquid  in  issuing  from  the  oiitic«  is  measured  by  the  space 
through  which  the  liquid  would  m<ne  m  a  second,  or,  what  la  the 
same,  as  has  been  just  esplaineJ,  the  length  nf  the  column  nr  vein 
of  liquid  which  passes  through  the  orihi.e  in  a  second  It,  then,  e 
28*  329 
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ir  tte  total  volume  of  liquid 

E  =  o  X  V. 

Since  the  moving  force  witli  wbich  tlie  quantity  expressed  by  E  ia 

propelled  is  found  fey  multiplying  the  quantity  E  by  the  velocity  with 

which  it  is  moved,  this  moving  force  will  be  e  multaplied  by  v.    But 

E  =  o  X  V. 
we  must,  therefore,  have 

It  appeara,  therefore,  that  the  moving  force  impressed  per  second 
on  the  liquid  discharged  is  'proportional  to  the  area  of  the  orijlce 
multiplied  by  the  square  of  the  velocity. 

iPor  orifices  of  equal  magnitude,  therefore,  the  moving  force  imparted 
to  the  liquid  will  he  in  the  ratio  of  the  squares  of  the  velocities  with 
which  the  liquid  is  propelled. 

C81.  The  square  of  the  velocity  in  escaping  from  the  orifice  pro- 
portional  to  the  depth. — But  it  has  been  already  shown  that  the  mov- 
ing force  imparted  to  the  liquid  escaping  from  the  orifice  ia  propor- 
tional to  the  pressure  of  the  liquid  at  tbe  orifice.  This  pressure,  how- 
ever, is  proportional  to  the  depth  of  the  orifice  below  the  surface  of 
the  liquid  in  the  vessel,  and  consequently  it  follows  that  the  squares 
of  the  velocities  of  the  liquid  in  passing  through  the  orifice  are  pro- 
portional to  the  depth. 

Thus,  if  several  orifices  be  made  in  a  vessel  containing  a  liquid  at 
tile  depth  of  1,  4,  9,  and  16  feet,  the  velocities  with  which  the  liquid 
will  escape  from  these  will  be  in  the  proportion  of  1,  2,  3,  and  4. 

This  reasoning  shows  the  manner  in  which  the  velocity  varies  with 
the  depth ;  and  if  the  velocity  corresponding  to  any  particular  depth 
were  known,  the  Yelooities  at  other  depths  could  be  found.  Thus,  if 
the  velocity  at  the  depth  of  1  foot  below  the  surface  were  known,  then 
the  velocity  at  9  feet  depth  would  be  three  times  the  former;  the 
velocity  at  16  feet  would  be  four  tames  that  velocity,  and  so  on. 

682.  Velocity  of  escape  equal  to  that  which  a  body  vtould  acquire, 
in  falling  from  a  hetgM  equal  to  the  depth. — It  can  be  demonstrated 
by  mathematical  principles  and  verified  by  experiment,  that  the  velo- 
city of  B  hqnid  escaping  at  any  proposed  depth  is  equal  to  the  velo- 
city which  a  body  would  acquire  in  falling  freely  ia  a  vacuum  through 
a  height  equal  to  such  depth. 

Thus,  for  esample,  it  is  known  that  a  body  falling  freely  through 
the  height  of  193  inches,  would  acquire  a  velocity,  which,  if  con- 
tinued uniform,  would  cause  it  to  move  through  193  X  2  =  386 
inches  per  second. 

Now,  if  an  orifice  be  made  in  a  vessel  containing  a.  liquid  at  the 
depth  of  193  inches  below  the  surfece,  it  will  be  found  that  the  liquid 
330 
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Will  flow  from  suoli  orifice  with   the   Telocity  of  3S6  iachea  per 
second. 

According  to  the  law  which  regulates  the  free  descent  of  falling 
hodiea  (aee  Handbook  of  Mechanics,  248.),  the  velocity  Vj  aci^uirod 
in  falling  through  any  givea  height  H,  is  thus  expressed : — 

V  =  2  V  H  X  ^ 
where  g  =  193  inches. 

Hence,  since  E  denotes  the  velocity  of  efflus,  or  the  quantity  of 
liquid  which  escapes  in  one  second  by  an  orifice  whose  area  is  Oj  and 
whose  depth  below  the  surface  is  h,  we  shall  have 

B  =  2  o  V  193  H ; 
and  for  the  quantity  Q,  which  escapes  in  any  nuuiber  of  seconds,  (, 
Q=  <  X  E 
=  2(0  s/T93li: 
In  those  formulEe,  o  must  be  expressed  ia  square,  and  h  in  linear 
inches.     The  quantity  Q  will  be  expressed  in  cubic  inches. 

If  it  were  required  to  ascertain  in  what  time  a  given  number  of 
cubic  inches,  Q,  would  be  discharged  by  a  given  orifice  at  a  given 
depth  below  the  suvfiice,  we  have  from  the  last  formula, 

t  = ^5_. 


2  0  V  193  H 

la  what  has  been  said,  it  is  taken  for  granted  that  die  surface  of 
the  liquid  in  the  vessel  is  kept  constantly  at  the  same  level.  If  the 
vessel  is  allowed  to  empty  itself,  the  pressure  at  the  orifice  and  the 
velocity  of  efflux  continually  diminish :  and,  consequently,  the  time 
required  to  discharge  a  ^ven  quantity  increases.  It  caa  be  proved 
by  the  higher  mathematics,  that  the  time  required  for  a  vessel  to 
empty  itsdf  is  just  double  that  which  is  i-equired  to  discharge  an 
equal  quantity  of  liquid,  when  the  vessel  is  kept  full. 

Hence,  if  Q  denote  the  capacity  of  a  vessel  in  cubic  inches,  we 
shall  Lave  for  the  time  of  exhaustion 
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683.  If  the  liquid  escape  hy  a  jet  directed  upwards,  it  would  rise 
to  ihs  ZeupZ  of  the  surface,  if  nofrtsisied-  by  the  air.  —  It  has  been 
proved  that  if  a  body  be  projected  upwards  with  any  velocity,  it  will 
rise  to  that  height  from  which  it  must  have  fallen  to  have  acquired 
the  velocity  with  which  it  is  so  projected  upwards.  It  follows,  there- 
fore, that  if  the  liquid  which  escapes  from  an  orifice  issues  vertically 
upwards,  it  will  rise  to  a  height  which  is  level  with  the  surface  of  the 
liquid  in  fie  vessel  from  which  it  escapes,  ,-         i 
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In  fig.  198,,  0 


',  ha.,  represent  pipes  of  disoliaTge  inserted  in 
a  Tesael  containing  a.  liquid,  having 
their  openings  turned  upwsrda.  The 
several  jets  which  would  escape  from 
these  orifices  would,  if  no  disturbing 
force  intervened,  rise  to  the  level 
E  F  G  of  the  liquid  in  the  vessel,  as 
represented  in  the  figure.  This  result, 
however,  as  weU  as  the  premises  froin 
which  it  is  deduced,  require  tfl  be 
submitted  to  conaderable  modifica- 
tion before  thej  can  be  applied  in 
practice. 

684.  Practical  conditions  which 
modify  this.  — In  the  preceding  in- 
vestigation we  have  considered,  the 
orifice  to  be  indefinitely  small,  so  that 
every  part  of  it  may  be  considered 
e  depth  below  the  surface.  If  it  be  not  so,  the  point  which 
determines  the  velocity  would  be  its  centre.  We  have  also  considered 
the  flnid  in  issuing  from  it  as  subject  to  no  resistance  proceeding  irom 
its  sides,  which  will  necessarily  be  the  case,  if  the  side  of  the  vessel 
has  any  considerable  thickness.  This  cause  may  be  in  part  obviated 
by  maiiiig  the  side  of  the  vessel  at  the  place  where  the  orifice  is  made 
extremely  thin. 

In  fine,  we  have  considered  the  jet  issning  from  the  orifice  to  move 
freely  in  a  vacuum;  instead  of  which,  in  fact,  it  encounters  the  re- 
sistance of  the  wr,  which  not  only  diminishes  the  velocity,  but  scat- 
ters the  jet. 

We  have  also  considered  tliat  the  jet  of  liquid  issuing  from  the  ori- 
fice has  the  form  of  a  cylindrical  rod,  the  orifice  being  supposed  cir- 
cular, the  thickness  of  this  cylinder  corresponding  with  the  magnitude 
of  the  orifice. 

685.  The  contracled  vein. — Now  it  is  shown  by  Newtan,  that  a 
jet  issuing  from  a  cucular  orifice  made  in  the  thin  side  of  a  vessel  is 
not  of  a  cylindrical  form ;  that,  in  fact,  the  fluid  does  not  issue  Irora 
such  an  orifice,  as  a  small  wire  would  do  from  the  hole  through  which 
it  is  passed  in  the  process  of  wire-drawing.  Newton  showed,  on  the 
conti-arjf,  that  the  jet,  immediately  on  leaving  the  orifice,  contracts  its 
diineasions,  and  that  at  a  distance  equal  to  the  diameter  of  the  orifice 
itself  this  contraction  attfuns  its  limit,  and  that  the  section  of  the  jet 
at  this  point  will  be  about  two-thirds  of  the  magnitude  of  the  orifice. 
It  is  held  by  Newton,  and  assumed  by  others  since  his  time,  that  be- 
yond this  point  the  section  of  the  jet  was  enlarged,  so  as  to  take  the 
form  of  a  diverging  cone.  The  point  of  greatest  contraction,  placed 
at  a  distance  from  the  orifice  equal  to  its  diameter,  is  called  by  New- 
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ton,  and  has  since  been  denominated,  the  vena  coniraclaor  contracted 

Now  it  is  evident  thnt  the  form  of  tke  fluid  column  on  jroocd 
inj^  from  the  orifice,  not  b  g  1  tb  lo(,  y  f  h  fl  dth  gli 
tlie  orifice  must  vary,  b         fete         Pprt  thl 

n.ore  contracted,  for  es    tly  tii       m       aa      th  t  th       !      y    f 
stream  is  necessarily  au^m  nted      ppti      astblt     in 
rower. 

In  both  cases,  the  sam  i  1  q  t  ty  f  fl  1  m  1 1  th  gh 
tbe  two  sections  of  the    t    am         h    sam    t  m         1  tb.  w 

the  section  is,  the  great  n  th  sam  p  t  *  m  t  tli  1  ty 
of  the  motion  consequently  b  dthtth      imi      ttytfl.1 

may  pass  through. 

686.  rdocity  of  tUlq  d  cr  tl  fth  n  / 
lite  jet  diminishes.  —  It  ppeai  th  f  th  t  th  t  f 
the  jet  at  the  orifice  is  ^^    te   th  n  t     ei,t        t  th    oo  t     t  i 

the  velocity  of  the  liqu  1  t  th  fi  wall  b  1  as  th  ts  loc  ty  t 
the  eonfractad  yein,  ia  the  same  proportion  and  c  nsequently  a  ques 
tion  arises,  which  of  these  varying  velocities  is  that  which  is  deter 
mined  by  the  depth  of  the  orifice  below  the  surface  ? 

687.  The  velocity  at  the  contracted  vein  is  that  due  to  the  depth 
—  We  have  ezpliuned  that  the  velocity  of  the  bquid  in  issuin,,  from 
the  orifice,  if  it  issued  in  a  cylindrical  form  would  bo  e^jual  to  that 
which  a  body  would  acquire  in  falling  from  a  height  equal  to  the  deptli 
of  the  orifice ;  but  the  jet  not  being  cylindrical  and  the  liquid  con 
seqiiently,  having  a  varying  velocity,  the  question  arises  at  what  point 
of  the  jet  it  will  have  the  velocity  due  to  the  depth  of  the  oiifice 
The  answer  is,  that  that  point  will  be,  not  the  orifice  itself  hut  the 
vena  contracta,  and  that,  consequently,  in  the  calculation  of  the  ve 
locity  of  efduK  by  means  of  the  rules  and  fjimulij  given  above  the 
magnitude  expressed  by  o  must  he  taton  to  sinUify  not  the  i  rea  of 
the  orifice  itself,  but  the  magnitude  of  the  section  of  the  jet  of  the  vena 
contracta,  and  the  velocity  expressed  by  v  will  then  bo  that  which  a 
body  would  acquire  in  falling  freely  from  the  surface  of  the  liquid  in 
the  vessel  to  the  orifice. 

683.  Contracted  vein  iwo-lhirds  of  orifice.  —  It  may  be  stated  iu 
general,  therefore,  that  when  the  side  of  the  vessel  is  thin,  and  the 
orifice  not  great,  the  area  of  the  section  of  the  vena  contracta  may  be 
tiiken  as  nearly  equal  to  two-thirds  of  the  area  of  the  orifice.  Vari- 
ous circumstances,  however,  attending  the  discharge  will  modify  fliese 
conclusions. 

According  to  the  conclusions  of  Newton,  the  liquid  jet,  after  pass- 
ing the  vena  contracta,  again  enlarged  its  diameter,  thus  converging 
to  the  vena  contracta,  and  afterwards  diverging,  as  represented  in 
jig.  199. 

689.    Modificalion  of  this  thcm-ij  by  Savart  and  others.  —  K«- 
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Fig  199 


eiimentalinvesti^tions,  liowever,  made  hy  Savart  and  otters, 

„     twe  proved  that  the  phenomena  are  not  in  strict  con.- 

foimity  with  Newton's  theory.     It  is  true  that  the  jet 

contiacts  its  dimensions  in  issuing  from  the  orifice,  and 

»  at  the  limit  of  its  couttaotion  at  a  distuice  from 

the  otifice  equal  nearly  to  its  own  diameter. 

Sa(irt  has  shown  tiiat  in  all  cases,  except  when  the 
^  jet  is  discharged  upwards,  its  section  goes  on  dimin- 
ishing though  much  less  rapidly  than  the  vena  con- 
tracta  until  tt  loses  its  form  and  is  scattered  hy  the 
lesistance  ot  the  air.     Thus  tie  contraction  is  at  first 
rapid,  and  the  form  of  the  ]et  is  decidedly  conical  from  the  orifice  to 
the  contiacted  vein;    but  beyond  that  point  the 
"       J  t  has.  very  nearly  the  form  of  a  uniform  rod  of 
fjlaw  haym^j  a  tendency,  however,  to  hecome  still 

Oui  hmits  win  not  allow  ua  to  enter  into  the 
details  of  the  curious  phenomena  developed  in  the 
researches  of  Savaxt.  It  may  not,  however,  be 
uninteresting  to  reproduce  some  of  his  diagrams, 
showing  the  form  of  jets.  Fig.  200.  represents  a 
jet  which  issues  from  the  bottom  of  a  vessel  at  a, 
such  as  it  appears  to  the  eye.  From  a  to  n  it  has 
the  appearance  of  a  unifoi-m  and  straight  glass  rod ; 
at  n  it  begins  to  lose  its  transparency,  and  also  to 
change  its  form,  swelling  and  contracting  alter- 
nately, and  at  unequal  intervals.  When  this  part 
of  the  jet,  however,  was  examined  with  greater 
precision,  it  was  proved  to  conast  of,  not  a  contin- 
uous stream  of  liquid,  but  a  series  of  distinct  and 
separate  drops,  as  represented  m_fig.  201.;  the 
dilated  parts,  represented  at  «  and  v',_fig,  200., 
were  formed  by  large  drops,  which  were  dilated 
horizontally,  while  the  nodes  n,  n'  were  formed  by 
the  same  drops  dilated  vertically.  Thus  it  ap- 
pears that  in  their  descent  the  drops  were  subject 
to  a  pulsation,  by  which  they  alternately  enlarged 
and  contracted  their  dimensions  vertically  and 
horizontally;  but  it  was  also  proved,  that  besides 
these  drops  there  were  other  similar  drops,  repre- 
sented by  the  dota  in  Jig.  201.,  which  did  not 
change  their  form.  The  pulsations  attending  these 
alternate  changes  of  form  of  the  drops  produced  a 
distinct  sound.  When  a  musical  sound  of  the 
same  pitch  was  produced  near  the  jet,  these  alter- 
)l.  Mate  pulsations  of  the  drops  became  more  regular. 
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It  was  further  proved  bj  these  curious  rescareliesj  that  the  pressure 
of  the  air  has  no  influence  on  these  phenomena. 

690.  Sesisiance  of  liquids  to  solids  moving  through  them.  — If 
a  solid  presenting  a  flat  surface  in  the  direction  of  its  motion  he 
moved  through  a  liquid  which  is  at  rest,  it  vtiU  suffer  a  certain  resist- 
ance, dcpendiBg  on  the  magnitude  of  such  surface  and  the  vessel  in 
which  it  is  moved.  Tbis  resistance  arises,  evidently,  from  the  reac- 
tion of  the  liquid  which  the  solid  displaces,  and  to  which  it  imparta 
motion.  Whatever  moving  force  the  liquid  receives  must  be  lost  by 
tlie  solid,  or  by  whatever  agent  replaces  the  solid.  It  is  nearly  self- 
evident,  that  with  the  same  velocity  the  rcMstance  will  be  proportional 
to  the  magnitude  of  the  surface,  for  it  is  clear  that  a  surface  which 
measures  two  square  feet  will  drive  a  column  of  water  tmce  as  great 
as  that  which  would  be  driven  by  a  surface  measuring  one  square 
foot.  The  resistaace  therefore,  other  things  being  the  same,  to  a  flat 
surface  moved  against  a  liquid  is  proportional  to  the  area  of  each 
surface. 

691.  A  fiat  surface  encounters  a  resistance  which  is  as  the  square 
of  the  velocity.  — It  is  evident  also,  that  if  the  same  surface  be  moved 
with  diflei'ent  velocities,  it  will  encounter  different  resistances.  The 
greater  the  velocity  with  which  it  is  propelled,  the  greater  will  be  the 
moving  fo^ce  it  will  impart  to  the  liquid,  and,  consequently,  the 
greater  will  be  the  resistance  it  encounters.  If  the  surfiwe  be  moved 
with  a  double  velocity,  the  liqmd  which  it  drives  before  it  will  also 
be  moved  with  a  double  velocity,  and  will,  consequeatly,  have  a 
double  momentum  or  moving  force ;  but  when  the  surface  is  moved 
with  a  double  velocity,  it  advances  through  a  double  space  in  the 
same  time,  and,  consequently,  displaces  a  double  quantity  of  liquid. 
Now  since  this  double  quantity  of  liquid  is  moved  with  a  double  ve- 
locity, it  must  have  a  four-fold  momentum,  ance  the  momentum  is 
increased  in  a  two-fold  proportion  in  consequence  of  the  double  velo- 


in  consequence  of  the  double 
ing  force,  therefore,  which  is 
id  wilt  be  four-fold  when  the 


city,  and  again  in  a  two-fold  proportion  ii 
quantity  which  is  displaced.  The  i 
communicated  to  the  liquid  by  the 
velocity  is  doubled,  i'low,  since  this  moving  force  is  the  measure  o 
the  resistance,  it  follows,  that  when  a  flat  sur&ce  of  a  given  area  is 
moved  through  a  liquid,  the  redstance  which  it  eaeounters  will  be 
augmented,  not  in  the  simple  i-atio  of  the  velocity,  but  as  its  square. 
Thus  a  two-fold  velocity  will  give  a  four-fold  resistance,  a  three-fold 
velocity  a  nine-fold  resistance,  and  so  on. 

692.  How  to  determine  the  absolute  resistance  in  moving  through 
water.  —  It  may  be  concluded,  therefore,  in  general,  that  when  a 
sohd  having  a  fiat  surface  is  moved  through  a  liquid,  the  resistance 
encountered  by  such  surface  will  be  proportional  to  the  magnitude  of 
the  surface  multiplied  by  the  square  of  ita  velocity.  Such  being  the 
law  which  governs  the  variation  of  the  resistance,  we  shall  know  the 
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total  amount  of  suok  re^tance  in  all  cases,  provided  its  amount  be 
known  for  any  one  surfac«  and.  any  one  velooity.  Now  it  is  proved 
that  a  square  foot  of  surface  moved  witii  tlie  velocity  which  a  body 
would  acquire  in  falling  through  193  inelios,  would  suffer  a  resistaneo 
equal  to  the  weight  of  a  column  of  water  of  that  height,  and  having 
a  st^uare  foot  for  its  base. 

If  a  square  foot  of  surface,  then,  bo  moved  with  any  other  velocity, 
gi-eater  or  less,  the  resistance  can  be  found  by  increasing  ot  diminish- 
ing this  resistance  in  the  ratio  of  the  square  of  the  velocity,  and  if  a 
surface  greater  or  less  than  a  square  foot  be  so  moved,  the  resistance 
due  to  Buch  increase  or  diminution  will  be  found  by  increasing  or 
diminishing  the  resistaiico  encountered  by  a  square  foot  in  the  same 
proportion. 

693.  Force  with  which  a  liquid  in  motion  strikes  a  surface  at 
rest.  —  If  a  liquid  stiite  the  flat  surface  of  a  solid  at  rest  with  a  cer- 
tain velocity,  it  will  esert  upon  such  surface  a  force  just  double  the 
redatanoe  which  the  same  surface  would  encounter  if  it  moved  in  the 
liquid  with  tlie  same  velocity,  the  liquid  being  at  r^t;  that  is  to  say, 
the  force  exerted  on  the  suriaoe  by  the  liquid  would  be  equal  to  the 
weight  of  a  column  of  the  liquid  whose  base  would  be  equal  to  the 
surface,  and  whose  height  would  be  double  the  height  through  which 
a  body  would  fall  freely  in  order  to  acquire  the  velocity  with  which 
the  hquid  strikes  the  surface. 

694  Force  of  resistance  when  ike  motion  is  not  at  right  angles  to 
the  surface  — If  the  surfiice  which  is  moved  against  a  liquid,  or 
upon  which  a  liquid  in  motion  acts,  be  not  at  right  angles  to  the  mo- 
tion, then  it  will  be  neeeesary  to  resolve  the  motion  into  two,  by  the 
principle  of  the  composition  of  forces,  one  of  which  shall  be  perpen- 
dicular to  the  surface,  and  the  other  parallel  to  it.  The  latter  can 
have  no  effect,  whether  the  surface  strike,  the  liquid  or  the  liquid 
strike  the  surface,  and  that  element  of  the  force  which  ia  perpendicu- 
lai  to  the  surface  is  subject  to  all  the  conditions  which  have  been  just 


,  Conditions  which  determine  the  form  of  hast  resistance.  — 
The  effect  produced  npon  the  resistance  offered  to  a  body  moving 
through  a  liquid  by  the  obliquity  of  the  different  parts  of  the  surface 
of  such  body  to  the  direction  of  the  motion  forms  an  important  ele- 
ment in  the  solution  of  the  problem  for  determining,  under  different 
conditions,  the  shape  of  the  solid  moved.  A  problem  which  has  at- 
twned  great  celebrity  in  the  history  of  mathematics  is  one  in  which 
it  was  required  to  determine  the  form  which  should  be  given  to  a 
determinate  mara  of  solid  matter,  so  that  it  might  move  through  a 
liquid  with  the  least  possible  resistance.  The  form  thus  determined 
B  known  in  geometry  aa  the  '  solid  of  least  resistance.' 

696.    Imfortance  of  sach  principles  in  naval  architecture. — 
Nearly  ^milar  conditions  attend  the  solution  of  all  the  problems  which 
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are  presented  in  naval  architecture.  It  is  this  pnnciple  which  causes 
the  length  of  the  vessel  to  be  presented  ia  the  direction  of  the  mo- 
tion, and  which  determines  the  shape  of  the  prow  under  the  vaiioiis 
oonditioBs  to  whioh  different  classes  of  vessels  are  exposed.  The 
hoats  which  ply  oa  rivers,  or  other  sheets  of  water  not  hable  to  much 
agitation,  nor  iatended  to  carrj'  considerable  fteight,  are  so  conatrueted 
that  the  part  of  the  bottom  immersed  moves  agdnst  the  liquid  at  an 
estremelj  oblique  angle. 

667-  Form  of  fishes.  —  It  has  been  often  mentioned,  as  an  in- 
stance of  the  felicilJDua  accordance  of  the  works  of  nature  with  the 
pinoiples  of  sdcnce,  that  the  form  given  by  mathematicians  aa  the 
sohd  of  least  resistance  accords  exactly  with  the  forma  of  the  bodies 
of  fishes.  This,  however,  is  not  strictly  the  case,  and  if  it  were,  so 
far  from  being  an  instance  of  skill  and  design  in  the  works  of  nature, 
would  manifest  a  certain,  degree  of  imperfection. 

The  solid  contemplated  in  the  celebrated  problem  adverted  to  haa 
no  other  function  to  discharge  except  to  oppose  the  resistance  of  the 
fluid,  and  the  question  is  one  of  a  purely  abstract  nature,  viz.,  what 
shape  shall  be  given  to  a  body,  so  that,  while  its  volume  and  surfaco 
continue  to  be  of  the  same  magnitude,  it  may  encounter  the  least 
possible  resistance  in  moving  through  a  fluid?  It  must  be  apparent 
that  many  conditions  must  enter  into  the  construction  of  an  animal, 
corresponding  to  its  various  properties  and  functions,  independently  of 
those  in  virtue  of  which  it  employs  itself  either  to  oppose  or  cleave  the  aii'. 

698.  Instances  of  design  in  ereatioti.  —  i^Vwi  of  animals  intended 
to  fnave  tlirov^h  fluids. — The  discovery  of  verifications  of  the  prin- 
ciples of  physics  in  the  works  of  nature  is  in  general  ao  seductive, 
that  writers  are  sometimea  tempted  to  overlook  the  inevitable  causes 
of  discrepancy  in  their  eagerne^  to  seize  upon  analogies  of  this  kind. 
.Without,  however,  seeking  in  natm'al  objects  the  exact  solution  of  a 
mathematical  problem,  which  ia  unencumbered  by  various  conditlona 
which  the  author  of  nature  has  designed  to  fulfil,  innumerable  ex- 
amples may  be  produced  giving  striking  manifestation  of  design. 
Thus,  all  animals  to  whose  existence  or  enjoyment  a  power  of  easy 
and  rapid  motion  through  fluids  is  necessary,  have  been  created  with  a 
form  which,  having  a  due  regard  to  their  other  lunotious,  is,  upon  the 
whole,  the  best  qualified  for  this  end.  Birds,  and  eepedaUy  those  of 
rapid  flight,  are  examples  of  this.  The  neck  and  breast  tapering  from 
before,  and  increasing  by  slight  degrees  towards  the  thicker  part  of 
the  body,  causes  them  to  encounter  the  air  with  a  degree  of  obliquity 
considerably  diminishing  the  I'csistance,  s!ight>  aa  it  is,  which  this  at- 
tenuated fluid  opposes  to  their  flight.  But  these  conditions  are,  as 
might  be  expected,  presented  in  a  much  more  atriking  pomt  of  view 
in  the  form  of  fishes,  and  all  the  species  which  inhabit  the  deep. 

699.  The  force  of  water  in  motion  a  moving  potuer.  —  JValer- 
wlieeh,  overshot,  tmdersliot  and  breast.  —  The  force  of  water  in  motion 
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is  rendered  available  for  mectanical  purposes  as  a  prime  mover  prln- 
elpally  in  throe  ways: — 

1°.  Ej  means  of  the  ovei^liot-Tvheel,  represented  in^g.  105. 
2°.  By  means  of  tlie  undershot-wheel,  represented  iajig.  106. 
3°.  By  tte  breaafr-wheel,  represented  in_^.  107. 
(For  figures,  see  Hand-Book  of  Mechanics.) 
In  the  hrst,  the  moving  power  consists  of  the  weight  of  water  do- 
pcwted  in  the  backets  on  the  descending  side  of  the  wheel,  and  which 
IS  ii&iharged  fi  jm  them  at  or  near, the  lowest  point.     The  total  me- 
chanical effect  liS  measured  hy  the  average  quantity  of  water  which 
dcwjends  in  the  bucket*,  multiplied  by  the  height  through  which  it 
fills     In  the  undershot-wheel,  the  water  acts  by  its  velocity  or  mo- 
niLntura  against  the  float-boards,  and  its  effect  is  measured  as  has  been 
already  esplTined      In  the  breast-wheel,  the  water  acts  chiefly  by  its 
weight 

TOO  Archimedes  screw.  —  The  hydraulic  instrument  called  afier 
its  inventoi  the  eciew  of  Archimedes,  has  recently  been  invested  with 
more  than  common  interest  by  its  successful  application  to  the  pro- 
pulsion of  steara-veasels.  This  machine  was  invented  by  Archi- 
med^  in  Egypt,  to  Md  the  inhabitants  in  clearing  ihe  land  from  the 
periodical  overflowings  of  the  Nile.  'It  was  also  used  as  a  pump,  to 
clear  water  from,  the  holds  of  vessels;  and  Athenseus  stat^  that  the 
name  of  Archimedes  was  held  in  gi-eat  veneration  by  seamen  on  this 
account. 

The  instrument  varies  in  form  according  to  the  manner  and  pur- 
poses of  its  applioafion,  but  its  piinciple  may  bo  rendered  intelligible 
as  follows : — 

Suppose  a  metal  tube  bent  into  the  form  of  a  corkscrew,  as  repre- 
sented in  Jig.  202.  Let  it  be  placed  in  an  inclined  position,  and  so 
that  the  mouth  A,  at  the  lower  end,  shall  be  in  the  highest  position  it 
can  have.  If  a  small  metal  ball  be  let  into  the  mouth  A,  it  will  fall 
down  the  curved  part  till  it  arrives  at  B.  This  point  B  is  evidently 
so  situated,  that  the  ball  cannot  leave  it  either  on  the  one  side  or  oa 
the  other  withoutascending;  consequently,  when  the  ball  arrives  there, 
after  a  few  oscillations,  it  will  remain  at  r^t.  If  the  screw  be  now 
turned,  without  changing  its  inclination  ordirection,  so  that  the  mouth 
A,  instead  of  being  at  the  highest  position,  as  represented  in^.  202., 
shall  be  brought  to  its  lowest  position,  as  represented  in  Jig.  203.,  the 
point  B  during  such  molion  of  the  screw  will  ascend,  and  assume  the 
highest  position  which  it  can  have,  as  represented  in^fig.  203. 

Now  suppose  the  bal)  for  a  moment  to  be  attached  to  the  tube  so 
as  to  be  incapable  of  moving  in  it.  When  the  screw  has  been  turned 
to  the  position  represented  in  Jig.  203.,  the  ball  b  would  be  at  the 
highest  point  of  the  body  of  the  tube,  and  consequently  would  be 
raised  from  the  point  J,  which  it  occupied  before  the  screw  was  turned, 
to  the  point  B,  which  it  now  occupies.  If  the  bail  then  be  detached 
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Fig.  303.  Fig.  303. 

fiBin  the  tube,  supposing  it  to  he  a  littlo  sliort  of  the  summit,  it  will 
fall  dowtt  that  part  of  the  tube  from  b  to  0,  and  arriving  at  c,  it  will 
be  again  at  a  point  of  the  tube  where  it  will  have  aa  asceat  at  either 
side  of  it,  and  it  will  consequently  come  to  rest. 

If  the  hall  be  again  supposed  to  be  attached  to  the  tube  heroj  and 
the  tube  be  again  turned  half  round,  so  as  to  give  to  it  onco  more  the 
position  represented  in  fig.  202.,  the  ball  will  be  at  0,  having  been 
raised  from  c  to  o  in  this  half  turn.  If  then  the  ball  he  detached  at 
0,  supposing  it  to  be  a  little  beyond  the  summit,  it  will  fall  down  the 
tube  from  c  to  d,  when  it  will  again  come  to  rest,  because  it  will  have 
an  ascent  at  either  side  of  it. 

Thus,  in  a  complete  turn  of  the  screw  the  ball  would  be  earned 
from  B  to  D,  _fig.  202.;  in  the  second  turn  of  the  screw  it  may  be 
shown  that  it  would  be  carried  from  D  to  P;  in  the  third  from  n?  to  H, 
aud  so  on ;  until  at  length  the  ball  would  be  discharged  from  the 
npper  end  of  the  tube,  at  1.  But  if  we  do  not  suppose  the  ball  to  be 
'y  attached  to  the  interior 


of  the  tube,  this  motion  from  B  to 
L,  instead  of  being  effected  by  in- 
tervals, will  be  made  continuously; 
the  process,  however,  remaining 
the  same. 

All  that  has  been  said  of  the 
ball  in  the  tube  would  be  equally 
true  if  a  quantity  of  liquid  were 
contained  in  it.  Therefore,  if  the 
extremity  of  the  screw  were  im- 
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a  well  or  reservoir,  so  that  tlio  water  by  its  weight  or  pres- 
sure would  be  coctinnally  forced  into  the  extremity  of  tlie  tube,  it 
would  be  gradaally  caiTied  along  the  spiral  by  turning  tlie  screw, 
until  it  woSd  attain  any  height  to  whioh  the  screw  might  extend. 

In  practice,  the  spira,l  through  which  the  water  is  carried  is  not 
in  the  form  of  the  tube,  but  has  the  character  represented  in  section  in 
fig.  204. 

As  applied  to  the  propuMon  of  steam-vessels,  the  screw  is  hori- 
zontal, a,nd  esercises  its  power,  not  by  raising  the  water,  but  by  driving 
it  backwards :  the  re-actJon  of  the  water  thus  driven  gives  propulsion 
to  the  vessel. 
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CHAPTER  I. 
GENERAL  PROPERTIES  OP  AIB. 

701.  Atmospheric  air,  the  type  of  all  elastic  Jluids.  —  The  clasa 
of  bodies  which  exist  in,  or  may  fie  reduced  to  the  form  of  elastio 
fluids,  or  the  asriform  state,  are  extremely  numerous;  indeed,  it  is 
probable  that  all  bodies  whatever,  either  by  heat,  or  other  physical 
agenta,  may  be  converted  into  this  form.  The  most  universally  ob- 
Bervable  substance  of  this  class  is  atmospheric  air.  Many  of  the 
qualities  found  tu  this  substance  extend,  without  modifioaCion,  to  all 
elastic  fluids  whatever ;  but  there  are  some  o£  them,  especially  when 
applied  to  vapours,  which  require  to  be  restricted  and  modified  by 
varioiis  circumstances,  which  will  be  explained  in  a  subsequent  chapter. 
There  are  aJso  many  circamstances  to  be  attended  ti>  in  explaining  the 
properties  of  various  gases  which  belong  to  the  department  of  onem- 
jstry,  in  which  the  prodoelion  and  constitution  of  these  gases  are  ex- 
plained. Our  present  object  is  limited  to  the  investigation  of  the 
mechanical  properties  of  the  atmosphere;  it  being,  however,  under- 
stood, that  the  various  theorems  which  we  shall  establish  may  bo 
carried  into  other  departmente  of  physics,  and  applied  to  all  bodies 
whatever  in  the  gaseous  form,  subject  however  to  restrictions  and 
modifications  peculiar  to  the  vapours  and  various  species  of  gases  to 
which  tliey  may  be  applied. 

Air  possesses,  in  common  with  all  material  substanoeSj  the  qualities 
of  impenetrability,  inertia,  and  weight. 

It  possesses,  in  common  with  liquids,  the  characteristic  properties 
of  fluids,  such  as  the  free  motion  of  its  particles  amongst  each  other, 
and  the  power  of  transmitting  pressure  equally  in  every  direction.  It 
possesses,  also,  its  own  oharacterislio  properties  of  compressibility  and 
elasticity,  which  .distinguish  it  from  solids  and  liquids. 

From  its  extremely  attenuated  nature,  its  great  levity,  the  fiieility 

with  which  it  is  displaced,  and  the  ease  with  which  bodies  pass  thruugh 

it,  its  extreme  transparency,  which  renders  it  imperceptible  to  sight, 
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it,  might  be,  and  in  fact  was,  doubted  wbether  aii'  were  material;  and 
hence  tie  word  spirit,  from  spiritvs  (air  or  h-eatK),  came  to  signify 
jin  immaterial  substance.  Nevertheless,  il  requires  but  little  reflec- 
tion on  the  phenomena  of  nature,  as  will  presently  appear,  to  become 
coDTiceed  that  air  possesses  all  the  fimdamental  qualities  of  matter. 

702.  Air  is  impenetrable.  —  Impenetrability,  it  will  be  remem- 
bered, is  that  quality  in  virtue  of  which  a  body  excludes  all  others 
from  the  apace  it  occupies.  If  a  hollow  vessel,  such,  for  example,  as 
a  glass  tumbler,  be  inverted  and  immersed  with  its  mouth  downwards 
in  water,  it  will  be  found  that  the  water  will  not  £11  the  tumbler. 
Let  a  cork  be  placed  upon  the  water  under  the  mouth  of  the  tumbler ; 
and  when  the  tumbler  sinlcp,  the  cork  and  the  surface  on  which  it 
floats  will  sink  too.  The  diving-bell  exhibits  this  experiment  on  a 
larger  scale.  A  large  hollow  vessel  is  sunk  by  weights  with  its  mouth 
downwards.  Seats  and  other  conveniences  are  provided  within,  on 
which  persons  may  be  accommodated,  and  the  whole  apparatus  is  thus 
let  down  to  the  bottom  of  the  sea.  Notwithstanding  the  open  mouth 
and  the  pressure  of  the  sea,  the  liquid  is  nevertheless  excluded  by 
the  air  contained  in  the  bell.  The  liquid  cannot  enter  the  space  oc- 
cupied by  the  air.     The  air  is  impenetrable. 

703.  Mr  has  the  gualily  of  inertia. — Inertia,  it  will  be  reraem- 
berod,  is  manifested  by  the  moving  force  which  matter  has  when  it  is 
in  motion,  or  by  the  resistance  which  matter  at  rest  oficrs  to  other 
matter  in  motion  which  encounters  it.  Air  exhibits  in  a  most  con- 
spicuous manner  both  of  these  qualities.  Wind  is  nothing  more  than 
air  in  motion.  An  example,  therefore,  of  the  effects  of  the  power  of 
the  wind  is  a  proof  of  the  inertia  of  air.  In  a  windmill,  the  moving 
force  of  all  the  heavier  parts  of  the  machinery  proceeds  from  the  mo- 
mentum of'  the  wind  acting  on  the  sails.  A  ship  is  propelled  through 
the  deep,  and  the  deep  itself  is  agitated  and  rsdsed  into  waves,  by  the 
inertia  of  the  atmosphere  in  motion.  As  the  velocity  of  the  air  is 
augmented,  its  force  becomes  almost  irresistible,  and  we  find  build- 
ings totter,  trees  torn  from  their  roots,  and  even  the  soUd  earth  itself 
yield  before  the  force  of  the  hurricane. 

When  the  atmosphere  is  calm  and  free  from  wind,  a  solid  body 
presenting  a  broad  auriaca  moved  against  it  must  drive  before  it  and 
put  in  motion  those  parts  of  the  air  which  lie  in  its  way.  If  the  air 
had  no  inertia,  it  would  require  no  force  to  impart  this  motion  to  it ; 
but  universal  experience  proves  that  the  force  encountered  by  a  body 
moving  through  the  air  is  great  in  proportion  to  the  magnitude  of  the 
surface  which  encounters  the  air,  and  to  the  speed  with  which  it  is 
moved.  Open  an  umbrella  and  endeavour  to  carry  it  along  swiftiy, 
with  the  concave  side  presented  forwards,  and  you  immediately  en- 
counter a  great  resistance.  This  force  is  nothing  more  than  what  is 
necessary  to  push  the  air  before  it.  On  the  deck  of  a  steamboat  pro- 
pelled with  considerable  speed,  or  on  the  f«p  of  a  railway  carriage,  we 
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feel  oa  the  ealmest  day  a  breeze  in  a  direction  contrary  to  tliat  in 
which  we  are  moved.  This  arises  from  the  sensation  produced  liy  the 
Burfaee  of  oru-  body  dispkoing  the  air  as  we  are  earned  througk  it. 

704.  J^umerous  examples  of-  its  inertia.  —  It  is  the  inertia  of  the 
atmosphere  which  gives  effect  to  the  wings  of  birds.  Were  it  possible 
for  a  bird  to  live  without  respiration,  and  in  a  space  void  of  air,  it 
would  no  longer  have  the  power  of  flight.  Tie  plumage  of  tho 
winga,  being  spread  and  acting  with  a  broad  surface  on  the  atmo- 
sphere beneath  tiem,  is  resisted  by  the  iuartia  of  the  atmosphere,  so 
that  the  air  forma  a  fulcrum,  as  it  were,  on  which,  the  bird  rises  by 
the  leverage  of  its  wings.  The  wings  of  birds  are  larger  in  propor- 
tion to  th.eu'  bodies  than  the  fins  of  fishes,  because  the  fluid  on  whioh 
they  act  is  less  dense,  and  has,  proportiouEilly,  less  inertia  than  the 
water  upon  whicb  the  fins  of  fishes  act. 

705.  Air  is  compressible. — In  this  quality  it  ia  diatinguished  from 
the  other  class  of  fluids  called  liquids.  It  has  been  shown  that  liquids 
are  practically  incompressible;  for  although,  as  a  philosophical  fact,  a 
mass  of  liquid  may  bj  the  action  of  an  extreme  force  of  compression 
be  diminished  in  a  very  minute  degree  in  its  volume,  it  does  not 
possess  the  quality  of  compreasibili^  in  the  same  manner  in  wLicL  it 
is  manifested  ia  fenform  bodies.  If  air  be  included  in  a  cylinder  in 
which  a  piston  moves  air-tight,  th,e  piston,  b  ng  u  g  d  d  wnwards  by 
any  force,  will  compress  the  Mr  into  smalk  1  m  n  an  I  there  is 
DO  practical  limit  to  this  compression ;  if  th  f  ce  th  t  irges  the 
piston  be  doubled  or  tripled,  the  air,  as  will  be  h.  ft  p  ved,  will 
be  reduced  to  one-half  or  one-third  of  its  din   n     n 

When  a  diving-beU  is  sunk  to  a  conside  bl  d  pth  n  th  sea,  the 
water  which  enters  its  mouth,  though  it  oann  t  1  pi  th  air,  com- 
presses it,  and  rises  to  a  certain  height  within  the  bell,  the  air  giving 
way  to  it  and  being  condensed  into  a  smaller  space. 

706.  .Air  is  elastic.  —  This  is  another  quality  whibh  distinguishes 
jeriform  bodies  from  liquids.  If  a  liquid  be  deposited  in  a  cylinder 
under  a  piston,  It  will  i-emMU  there,  its  surface  maintaining  the  same 
position  to  whatever  height  the  piston  may  be  raised  above  it ;  but  if 
air  be  contained  in  a  cyhnder  under  a  piston  which  moves  air-tight, 
on  raising  the  piston  the  air  will  espand,  so  as  still  to  fill  the  aug- 
mented space  below  the  piston ;  and  this  espansion  will  continue  to 
whatever  height  the, piston  may  be  raised,  and  to  whatever  extent  the 
space  be  augmented,  in  which  the  air  m  free  to  circulate. 

It  is  evident  that  this  tendency  to  enlarge  its  volume,  and  which  ia 
expressed  by  the  term  elasticity,  will  cause  the  aii  confined  in  any 
vessel  to  press  on  the  inner  svffface  of  such  vessel  with  a  force  cor- 
responding to  its  tendency  to  expand.  If  no  corresponding  estenial 
pressure  act  upon  the  surface  of  such  vessel,  the  air  will  have  a  ten- 
dency to  burst  it,  and  will,  in  fact,  burst  it  if  it  have  not  strength  to 
resist  the  elastic  force.  We  are  enabled,  by  means  which  will  be 
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esplaiaed  liereafter,  fo  remove  the  atmosphere  from  arouHd  an  inflated 
bladder.  On  doing  this,  the  elasticity  of  the  air  iueluded  in  the 
bladder,  being  unresisted  by  any  external  pressure,  will  burst  the 
bladder,  if  it  have  not  &  strength  corresponding  to  such  elasticity. 

707.  Mr  as  weight.  —  Means  will  be  explained  hereafter  by.  which 
air  can  be  withdrawn  from  the  interior  of  any  vessel  which  contains 
it,  in  the  same  manner  exactly  aa  water  can  be  pumped  from  a  well. 
Let  a  copper  flaalr,  holding  about  two  quarts,  having  a  narrow  neck 
provided  with  a  atop-eock,  be  discharged  of  its  air,  and  let  it  be 
coiTectly  weighed.  Let  the  stop-cock  be  now  opened,  and  the  air 
readmitted,  and  let  it  be  again  weighed.  It  will  be  found  to  be 
heavier  than  before,  by  the  weight  of  the  air  readmitted  to  it.  Let 
an  instrument,  which  will  be  hereafter  described,  be  next  applied  to 
the  mouth  of  tbe  flask,  and  let  dr  be  compressed  into  it  so  as  to  make 
it  contain  twice  as  much  aa  before,  and  the  stop-cook  being  closedj  let 


veight  produced  in  this  last  case  will  be  found  to 
be  exactly  equal  to  the  increase  of  weight  produced  by  rcadmitfmg 
the  air  into  the  empty  flask.  In  both  cases  the  augmented  weight 
arises  from  the  increased  weight  of  the  air  contained  in  the  flask. 

Having  thus  explained,  in  general,  the  properties  of  air,  we  shall 
■  in  the  following  chapters  trace  these  properties  through  tiieir  most 
important  consequences. 
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708,    TJte  dimitmtion  of  the  volume  of  air  is  propor       al       the 
force  which  compresses  it. — It  has  been  espMned,  in  iren  hat 

when  air  is  submitted  to  the  action  of  any  compressing  wi 

he  reduced  m  its  volume      It  remam"!  now  tfl  mves  n  wha 

pijpoifion  its  volume  will  be  diminished  by  anj  giv  n    n  f 

the  force  which  compies'ies  it 

It  IS  found,  by  expeiiment,  that  the  diminution     f       un 
be  in  the  exact  proportion  of  the  compiesaing  force.     If   he      n 
piessmg  force  be  doubled,  the  air  which  is  compressed  w  U  be 
ductd  to  half  its  volume ,  it  the  compressing  loice  b      a  d    n 

1  tliieefold  propoition,  the  volume  of  the  air  compre     d  n    b    h 
mmished  m  a  threefold  piopoition,  and  so  on 

Let  ABC  Tijjig  205,  be  a  gh'^  tube,  cui\ed  at  on     nd  b      and 
having  a  abort  leg  C  ri,  with  a  stop-cock  at  its  extreinity  d.     Let 
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the  lee;  1 B  be  more  thaa  6  feet  in  length  The  stop-coet  D  heing 
oponed,  so  i^  to  allow  hce  communiL-afion  with  the  air,  and  the 
mnuth  of  the  longer  leg  a  being  also  open,  let  so  muoli  meronry  be 
piured  into  the  tube  as  will  fill  the  curved  part  BC,  and  rise  to  a 
small  hpight  in  each  leg  The  suiiVes  e  and  f  will  then,  accord- 
in^  to  the  principle?  alieady  explained,  stind  at  the  same  level.  Let 
tlie  atop-cock  D  b«  now  closed,  so  that  the  air  ra  the  leg  d  e  shall  he 
shut  off  from  communication  with  the  estemal  atmosphere. 

The  suriacea  e  and  r  will  still  remain  at  the  same  level. 

They  are,  however,  now  acted  upon  by  different  forces ; 
fuoa  E  is  acted  upon  by  the  weight  of  the  atmosphere  tra 
through  the  open  tube  A  b.  But  the  weight  of  the  atmosphere  does 
not  act  upon  the  surface  F,  inasmuch  as  the  stop-cock  B  is  closed,  and 
all  communication  with  the  external  air  intercepted.  The  surface  of 
the  mercury  at  F  is  therefore  acted  on  only  by  the  elastioity  of  the 
air  inclosed  in  the  tube  D  F ;  and  since  the  surfaces  e  and  r,  under 
these  circumstances,  continue  at  the  same  level,  it  follows  that  the 
weight  of  the  atmosphere  acting  at  b  is  equal  to  the  elasticity  of  the 
■"    ■  i  by  the  a---    '      '  '    "  " 


Fig  205 


Fig.  aos. 

3  with  which  the  at- 
)  mercury  at  B 


The  method  of  ascertaining,  the  actual  f 
mosphere  presses  by  its  weight  on  the  surface  oi 
will  be  explained  hereafter.  Tor  the  present  it  is  i 
assume  that  this  force  is  equal  to  the  weight  of  a  column  of  mercury 
about  30  inches  in  height.  We  will  assume,  therefore,  that  the 
elastic  force  of  the  mr  inclosed  between  r  and  d  is  such  that  it  presses 
345 
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upon  tte  suviaoe  r  with  tlie  same  force  as  a  column  of  mercury  30 
inches  in  heiglit  would  press  upon  it. 

Now,  if  we  pour  into  tie  tube  A  E  as  mucli  mercury  as  will  raise 
tlie  suriaoe  in  the  leg  A  B  30  in.  ahove  the  surface  of  the  mercury  in 
the  leg  D  c,  we  shall  have  an  additional  pressure  equal  to  the 
weight  of  a  column  of  30  inches  of  mercury  transmitted  from  the  leg 
A  E  to  the  surface  of  the  mercury  in  the  leg  d  y,  and  therefore  acting 
as  a  conipressing  forc«  ou  the  air  included  in  the  leg  d  ff.  If  this 
l>e  done,  it  will  he  found  that  the  surface  of  tie  mercury  in  the  leg 
D  E  will  rise  so  as  to  force  the  air  included  m  D  r  into  half  its  origintfl 
volume;  that  is  to  say,  from  f  to  s',  jig.  206,  hecause  the  level  of 
the  mercuiy  will,  when  the  additional  column  has  been  intro- 
duced into  A  E,  be  raised  to  the  point  f',  exactly  mid-way  between  d 
and  F  an  1  the  air  which  originally  filled  the  space  d  e  will  ha  now 
c  mp    ss  d  into  one-half  this  space ;  that  is  to  say,  into  d  f'. 

In  th  same  manner,  if  mercury  he  again  poured  into  the  tube  AE 
ntl  the  urface  of  the  column  in  A  E  be  60  in.  above  the  level  of 
the  m  uy  in  D  F,  then  the  air  in  d  i?  wiU  be  compressed  into  oae- 
th  rd    t    ts  original  volume. 

In  th  f  rraer  case,  when  the  column  in  ae  was  30  in.  above  tbe 
c  1  mn  n  D  F,  llie  air  was  compressed  by  a  force  equal  to  the  weight 
of  60  n     f  mercury,  because,  as  has  been  already  expldned,  it  was 

np  d  by  the  atmosphere,  equal  to  30  in.  of  mercury,  and  by 
th  dl  6  nal  force  of  the  column  of  30  iu.  of  mercury  introduced 
nt  the  tube.  In  the  latter  case,  tie  air  is  compressed  by  a  force 
equ  1  to  90  in.  of  mercury,  as  it  is  compressed  first  by  the  atmo- 
sph  qual  to  30  in.  of  mercury,  and,  secondly,  by  the  column  of 
60  n  f  mercury  introduced  into  the  tube.  The  compreseiag  forc^, 
th  f  n  the  three  casra,  are  repri^ented  respectively  by  SO,  60, 
an  1  90  n  f  mercury ;  and,  consequently,  the  compressing  force  in 
tie  one  case  Js  twofold,  and  in  the  other  case  threefold,  the  force  by 
whici  the  &ve  is  compressed  in  its  natural  state.  In  the  same  man- 
ner, to  whatever  extent  such  esperinients  may  be  continued,  it  will  be 
found  that  the  diminution  of  volume  will  always  be  in  tie  exact  pro- 
portion of  the  increase  of  the  compressing  force,  and,  in  like  manner, 
the  augmentation  of  volume  will  be  in  the  proportion  of  the  diminu- 
tion of  the  compressing  force. 

The  law  just  enunciated  was  investigated  by  Boyle,  in  1660,  and 
by  Mariotte,  in  1668 ;  and  is  now  generally  known  as  Mariotte's  law. 
Dulong  and  Arago,  in  1830,  published  the  results  of  some  experi- 
ments, made  in  Paris,  by  wiieh  they  proved  that  the  law  holds  for  at- 
mospheric air  up  to  a  pressure  of  27  atmospheres. 

Oereted  and  Despreta,  having  instituted  experiments  to  ascertain  if 
it  were  applicable  to  other  gases,  found  that  those  gases  wWch  are 
eadly  liquefied,  have  an  increasing  compressibility ;  that  is,  have  their 
volume  diminished  in  a  greater  proportion  tian  tie  increase  of  pressure. 
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Pou  llet,  m  liw  fjlfmcns  do  Plij":ique,  ■mnonni.os  tLp  renults  o* 
some  exj  erimeuta  made  lay  him,  as  follows    — 

1st  Up  to  100  itiuDapbere^  ox-\j,eii  nitr  gen,  hydiigcn,  nitiic, 
oside  lud  caibouic  oxide,  follow  tke  same  law  ot  comprension  ^3  at- 
mosfhetit  oir 

2d  Sulphurous  acid,  amnioniacal  gas,  utrbonio  acid,  -md  nitrnus 
oxidp,  begin  to  be  niaikcdly  mme  compressible  Ibau  air,  is  stjoii  a^ 
thiir  ¥olume  is  re'luoed  to  a  third  or  a  fourth  and  it  caniut  be 
dcubted  tliat  they  de\iafe  from  the  law  fir  le'is  changes 

3d  Light-earburetted  hydri^n  aui  olefiant  gas  ire  not  lii[ucfied 
unler  the  pressure  of  100  atmospheres  at  the  temperatmo  of  50°, 
dn  1  jet  they  have  a  compressibility  sensibly  gieiter  than  thit  of  an 

Liter  ind  more  olibontc  expeiiments  by  Regniult  show  that  the 
law  ol  Mariotte  is  not  strictly  tiue  even  fur  itinosjhenc  air,  yet, 
within  piaoticaL  limits  and  fur  practical  purposes,  it  may  be  assumed 
to  be  tiue  for  that  fluiJ 
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709.  Discovery  of  the  weight  of  the  atmosphere. —  Iha  discovery 
of  the  weight  of  the  thin  tcapsparent  fluid  which  surrounds  the  earth, 
which  by  respiration  supports  animal  life,  and  ia  necessary  to  the  due 
exercise  of  the  animal  and  vegetable  functions,  forms  a  remarkable 
epoch  in  the  histoi-y  of  physical  science.  The  ancient  philosophers 
observed  that  in  the  instances  wfhidi  fell  under  their  notice  space  was 
filled  by  some  material  ■substance  -The  moment  a  solid  or  a  liquid 
was  by  any  means  lemoiel,  the  lurrounding  air  instantly  rushed  in 
and  filled  the  space  so  deserted  Hence  they  adopted  the  ph^ical 
dogma,  that  nature  abhors  a  vacuum,  —  a  figurative  proposition, 
meant  as  a  statement  that  it  was  a  law  of  nature  that  space  could  not 
exist  unoccupied  by  matter. 

If  a  tube  be  immersed  in  a  licjuid,  and  the  suction  of  the  lips  be 
applied  at  the  upper  end,  the  water  which  surraunds  it  will  rise  in 
the  tube  as  the  air  is  withdrawn  by  suction.  This  was  explained  by 
declaring  that  nature  abhorred  a  vacuum,  and,  therefore,  the  water 
necessanly  filled  the  apace  deserted  by  the  air. 

This  alleged  antipatiiy  of  nature  to  a  vacuum  served  the  pui'posra 
of  If  atura!  Philosophy  for  2000  years. 

710.  AnecdoU  of  Galileo  and  TorricelU.  —  It  happened  in  the 
time  of  Galileo,  that  is,  about  the  middle  of  the  seventeenth  century, 
that  some  engioeers  near  Florence,  being  employed  to  sink  a  pump 
to  an  unusual  depth,  found  they  could  raise  by  no  exertion  the  water 
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higher  than  34  fet,t  lo  the  hmcl  Galileo  was  consulted,  and  it  is 
said  that  he  ■insweied,  half  aeriously  and  half-sporlively,  that  nature's 
abhorrence  of  a  \acuuin  extended  to  the  height  of  34  feet,  but  that 
beyond  this  her  disinclination  to  an  empty  space  was  not  carried. 
The  an&wer,  however,  whateyer  it  was,  does  not  appear  to  Lave  been 
satisfactoiy,  and  the  question  continued  to  excite  attention.  After 
the  death  of  G-alileo,  Tonicolli,  his  pupil,  since  become  so  celebrated, 
directed  his  attention  to  ita  solution.  He  argued,  that  whatever  be 
the  cause  whjch  sustains  a  column  of  water  m  a  pump,  the  mejwure 
of  the  power  thus  manifested  must  be  the  weight  of  the  column  of 
water  sustained;  and,  consequently,  if  another  liquid  were  used, 
heavier  bulk  for  bulk  than  wafer,  the  same  force  would  sustain  & 
column  of  that  liquid,  having  less  height  in  proportion  as  its  weight 
would  be  greater.  By  using  a  heavier  Hqaid,  therefore,  such  as  mer- 
cury, for  example,  the  column  sustained  would  be  much  shorter,  and 
the  experiment  would  be  more  manageable.  The  weight  of  mercury 
being  balk  for  bulk  about  13J  times  that  of  water,  it  followed  that, 
if  the  force  imputed  to  a  vacuum  could  sustain  34  feet  of  water,  it 
would  neoes&aiily  fuatam  ISJ  times  leas,  or  about  30  inches  of  mer- 
Tonieelli  therefore  made  the  following  esperimeut,  which  baa 
0  memorable  in  the  history  of  physical  science. 

„  711.  Cekbrated  ea^erimetU  of  Z^wri- 

celU. — He  procured  a  glass  tube  A  B,^^. 
207.,  more  than  30  inches  long,  open  at 
one  end  A,  and  closed  at  the  other  b. 
Filling  this  tube  with  mercury,  and  ap- 
plying his  finger  at  the  open  end  A,  so  as 
to  prevent  its  escape,  he  inverted  it,  plung- 
ing the  end  A  into  mercury  contained  in  a 
cistern  CD,^.  208. 

On  removing  the  finger,  he  observed 
that  the  mercury  in  the  tube  fel!,  but  did 
not  fall  altogether  into  the  cistern ;  it  only 
subsided  until  its  surface  B  was  at  a  height 
of  about  30  inches  above  the  surface  of 
the  mercury  in  the  cistern. 

This  result,  wHoh  was  precisely  what 
Torricelli  had  anticipated,  clearly  demon- 
strated the  absurdity  of  the  statement  im- 
puted to  Galileo,  that  nature's  abhorrence 
of  a  vacuum  extended  to  the  height  of 
Fi^    OK  34  feet,  since  in  this  case  her  abhorrence 

was  limited  to  30  inches.     In  fine,  Tom- 
n  perceived  the  true  cause  of  this  phenomenon, 
ight  of  the  atmosphere  acting  upon  the  surface  of  the  mer- 
n  tht,  ciateru  suppoi'ta  the  liquid  m  the  tube.     But  the  surface 


The  w 


XifKlgIc 


WEIGHT  OF  AIR.  67 

i  from  contact  witli  the  atmosphere,  is  free  from  the 
pre^m'e  of  ita  weight;  the  column,  therefore,  of  merciiry  f  being 
pi-esaed  upwards  by  the  weight  of  the  atmosphere,  and  not  being 
pressed  downwards  by  any  other  force,  would  stand  in  emiilibrium, 

7 1'i.  Experimental  proof  of  the  weight  of  the  atmosphere.  —  This 
explanation  was  further  confirmed  by  ths  fact,  that  on  admitting  the 
nir  to  the  upper  end  of  the  tube  b,  by  breaking  off  the  glass  at  that 
point,  or  opening  a  stop-cock  placed  there,  the  column  of  meveury  in 
the  tube  instantly  dropped  into  the  cistern.  This  was  precisely  the 
effect  which  ought  to  ensue,  inasmuch  as  the  admission  of  the  pres- 
sure of  air  upon  the  column  e  balanced  the  pressure  on  the  surface 
in  the  cistern,  and  there  was  no  longer  any  force  to  sustain  a  column 
of  mercury  in  the  tube,  and  conseqaently  it  fell  into  the  cistern. 

713.  Pascal's  experimenlum  cmeis. — This  experiment  and  its  ex- 
planation excited,  at  the  epoch  we  refer  to,  the  greatest  sensation 
throughout  the  scientific  world,  and,  like  all  new  discoveries  which 
have  a  tendency  to  explode  loog-establiahed  doctrines,  was  rejected  by 
the  majority  of  scientifio  men.  The  celebrated  Pascal,  who  flourished 
at  that  epoch,  however,  had  the  sagacity  to  perceive  the  force  of  Tor- 
ricelli's  reasoning,  and  proposed  to  submit  his  experiment  to  a  test 
which  must  put  an  end  to  aJl  further  question  about  it.  "If,"  said 
Pascal,  "it  be  really  the  weight  of  the  atmosphere  under  which  we 
live  that  supports  the  column  of  mercury  in  Torrioelli's  tube,  we  shall 
find,  by  transporting  this  tube  upwards  in  the  atmosphere,  that  in  pro- 
portion as  it  leaves  below  it  more  and  more  of  the  Mr,  and  has  con- 
sequently less  and  less  above  it,  there  will  be  a  less  column  sustained 
in  the  tube,  inasmuch  as  the  weight  of  the  air  above  the  tube,  which 
is  declared  by  Torricelli  to  be  the  force  which  sustwns  it,  will  be  di- 
minished by  the  increased  elevation  of  the  tube," 

Pascal  therefore  caused  Torricelli's  tube  to  be  carried  to  the  top  of 
a  lofty  mountadn,  called  the  Puy-de-dome,  in  Aavergne,  and  the 
height  of  the  column  to  be  correctly  noted  during  the  ascent.  It  was 
found,  in  conformity  with  the  principle  announced  by  Torricelli,  that 
the  column  gradually  diminished  in  height  as  the  elevation  to  which 
the  iastmment  was  carried  increased.  The  experiment  being  repeated 
upon  a  high  tower  in  Paris  with  like  success,  there  no  longer  re- 
mained any  doubt  of  the  fact,  that  the  column  of  mercury  in  the 
tube,  aa  well  as  the  column  of  water  in  common  pumps,  is  sustained, 
not  by  the  force  vulgarly  called  suction,  nor  by  nature's  abhorrence 
of  a  vacuum,  but  simply  by  the  weight  of  the  incumbent  au-  acting  in 
one  case  on  the  surface  of  the  mercury,  and  in  the  other  on  the  sur- 
face of  the  water  in  the  well,  in.  which  the  pump  terminates. 

Tbe  instrument  which  we  have  here  described  as  used  in  the  esperi- 

ment  of  Torricelli,  is  nothing  more  than  the  common  barometer.     By 

the  principle  explained  in  616.,  the  height  of  the  column  sustained 

by  the  atmospheric  pressure  will  bo  the  same  whatever  be  the  boro  of 
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the  tube  It  we  suppioe  tte  eection  of  the  bore  to  be  equal  (o  ono 
square  meb  ibe  column  o£  mercury  anstained  in  the  tube  will  be 
balani,ed  by  the  wtight  of  a  column  of  the  atmosphere  pressing  upon 
a  square  vni,b  of  the  surface  of  the  mercury  in  the  cistern.  If  wa 
sujpoBe,  on  the  other  hand  the  tube  to  have  a  bore  equal  to  half  a 
square  loch,  then  the  itmospheric  oolumn  which  balances  the  mercury 
will  ba-re  a  base  of  half  i  square  inch  also. 

714  Cons1rui,tion  of  a  barometer.  —  In  adapting  such  an  appa- 
tua  to  indicate  minute  changes  in  the  pr^sure  of  the  atmosphere, 
there  aie  several  proMsions  to  be  made. 

The  height  to  be  measured  being  that  of  the  surface  of  the  column 
m  the  tube  above  the  surface  of  the  mercory  in  the  cis- 
teia  it  js  not  enough  to  ascertain  the  position  of  the 
surtice  in  the  tube,  unless  the  surface  in  the  cistern  haye 
a  ixed  level  Now  it  is  evident,  that  whenever  the  aur- 
fxoe  in  the  tube  rises,  the  surfeee  in  the  cistern  must 
tdU,  and  mce  virsd,  iaaamuch  a&  whatever  mercury  enters 
the  tube  must  leave  tke  cistern,  and  whatever  flows  from 
the  tube  must  return  to  the  cistern.  If  the  magnitude 
of  the  suri  ice  m  the  cistern  be  very  considerable  com- 
paie  1  with  the  bore  of  the  tube,  and  if  extreme  accuracy 
ba  iiot  necesoary,  the  effects  arising  from  this  cause  will 
will  be  too  minute  to  need  any  cojTection;  but  if  that 
estitme  accuracy  is  desired,  which  is  neoessai^  in  baro- 
meters used  for  philosophical  experiments,  then  means 
mu  t  be  piovjded  of  keeping  the  mercury  iu  the  cistern 
at  a  fixed  level,  or  of  measuring  the  change  of  level. 

In  ^g   20**  ,  the  cistern  a  b  is  represented  having  an 

ID  lex  at  p  showing  the  point  at  which  the  level  of  the 

iieiGuiy  in  the  cistern  should  stand,     A  screw  is  repre- 

lented  at  v,  by  turning  which  the  bottom  can  be  elevated 

or  dcp  essed  so  that  when  the  level  in  the  cistern  fells  it 

S  a  ..09     m'lj  be  raise  i,  or  when  it  rises  it  may  be  lowered,  and 

thus  the  level  may  always  be  adjusted  so  as  to  correspond 

Vi  itl  the  point  of  the  index      Xho  scale  represented  at  d  e  is  divided 

w  th  reference  to  the  level  determined  by  the  point  of  tie  index  P, 

T15  Methods  of  puufying  the  mercury. — It  is  necessary  that 
the  meicuiy  should  be  peifectly  pure,  since  otherwise  a  column  of  a 
gjven  height  would  vary  in  its  weight,  according  to  the  quantity  and 
quality  of  the  impurities  which  the  liquid  might  contw.u. 

The  solid  impurities  which  mercury  may  contain  are  usually  re- 
moved by  straining  it  through  chamois  leather,  the  quickdlver  pac- 
ing freely  through  its  pores,  while  the  solid  impurities  are  retained. 

Mercury,  like  water,  commonly  contains  combined  with  it  more  or 
less  air  or  other  elastic  fluids.  If  such  mercury  were  used  for  the 
barometer  tube,  this  fixed  air,  when  relieved  from  the  pressure  of  the 
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atmogphere,  as  it  would  necessarily  be  in  tlie  tute,  would  become  dis- 
BDgaged,  and  would  lise  to  tlie  upper  part  of  the  tube  D  c,  and  theco 
esert  a  pressure  which  would  counteract  to  a  greater  or  lesa  extent, 
the  pressure  of  the  atmos]  he  e 

Independently  of  the  tnpm  t  e  whcthe  of  an  teriform  or  a  liquid 
epeoies,  which  may  he  comb  ned  w  tli  tlie  mercury,  the  tube  itself, 
before  it  is  filled,  ia  !  al  le  to  lee  oted  w  th  like  impurities.  Thus 
particles  of  air  and  of  moist  ire  will  alway  adhere  to  the  inner  sur- 
face of  it;  and  even  though  the  me  cu  y  we  e  pure,  thia  air  and  film 
of  moisture  would  have  a  tendency,  when  leheved  from  the  pressure 
of  the  atmosphere,  to  rise  and  vitiate  the  vacuum  at  the  top  of  the 
barometric  column. 

These  effects  are  avoided  by  the  following  espedients.  The  mer- 
cury before  it  is  poured  into  the  tube,  is  boiled,  in  which  process  all 
the  air  it  contains  is  expelled  by  its  increased  elaatiiaty,  and  all  the 
liquid  impurities  by  evaporation.  The  tube  itself  ia  heated  over  a 
spirit-lamp,  so  that  all  the  moisture  as  well  as  the  particles  of  air  ad- 
hering to  its  surface  are  espelled;  in  fine,  when  the  tube  has  been 
filled  with  mercury,  the  mercury  is  boiled  in  it. 

716.  Method  of  indicating  the  exact  height  ofihecohmm,  and  of 
allowing  for  effects  of  temperature.  —  But  supposing  the  mercury  ia 
be  perfectly  pure,  and  all  the  provisions  made  which  are  necessary  to 
indicate  iJie  eiact  height  of  the  column  suatejned,  two  barometers, 
equally  well  coustnicted,  would  still  differ  in  their  indications,  if  they 
are  espoaed  to  different  temperatures.  It  will  be  shown  hereafter 
that  mercury,  like  ail  other  fluids,  is  subject  to  a  change  of  density  or 
specific  gravity  with  every  change  of  temperature.  If,  therefore,  two 
barometers,  equally  well  constructed,  be  used  in  different  and  distant 
places,  where  they  are  espoaed  to  different  temperatures,  the  same 
pressure  of  the  atmosphere  will  sustain  columns  of  different  heights; 
that  which  is  exposed  to  the  higher  temperature  being  more  elevated 
than  that  which  is  exposed  to  the  lower.  In  comparing,  therefore, 
the  indications  of  barometers  in  different  places,  it  is  necessary  to  ob- 
serve the  temperature  J  and  tables  and  formuUe  are  supplied  in  phy- 
sical science,  by  which  the  effects  of  different  temperatures  can  be 
ascertained,  and  the  necessary  corrections  applied. 

The  changes  incidental  to  the  atmospheric  pressure,  the  indication 
of  whiolf  ia  the  chief  use  of  the  barometer,  are  so  limited  and  minute, 
that,  owing  to  the  great  specific  gravity  of  mercury,  they  produce 
extremely  minute  changes  in  the  barometric  column,  which  are  there- 
fore difficult  to  be  observed. 

717.  Water  laroTmier.  —  More  sensible  indications  would  be  ob- 
tained by  adopting  a  barometer  of  a  lighter  fluid  than  mercury 
Thus,  water  is  13J  times  Hghter  than  mercury,  and,  consequently,  a 
water  barometer  would  exhibit  a  column  13^  times  greater  than  that 
of  mercury. 
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Sucli  a  column  would,  therefore,  measure  about  34  foet,  and  a 
change  which,  would  produce  a  variation  of  about  the  tenth  of  an  inch 
in  tie  column  of  mercurj,  would  produce  a  yaiiation  of  an  inch  and 
a  third  ia  the  column  of  water. 

But  to  the  use  of  water,  or  any  other  liquid  save  mercury,  for 
barometric  purposes,  there  are  numerous  and  insupemble  pi-aetieal 
objections.  Independently  of  the  unwieldy  height  of  the  column, 
which  would  render  it  inipoeaihle  to  transport  the  barometer  from 
place  to  place,  all  the  lighter  liquids  would  produce  vapour  ia  the 
upper  pai-t  of  the  tubo,  which  would  vitiate  the  YBCuum,  would  react 
against  the  barometric  column,  and  disturb  its  indications.  The  con- 
sequence of  this  has  been,  that  meroury  has  been  invariably  retained 
as  the  only  practicable  fluid  for  barometers. 

Several  espedients,  however,  have  been  adopted  in  barometers  used 
for  common  domestic  purposes  to  render  their  indications  more  sen- 
sible. Although  these  are  inapplicable  in  barometers  used  for  scientific 
purposes,  yet,  as  they  are  frequently  adopted  in  domestic  barometers, 
it  may  be  useful  here  to  notice  them. 

718.  Diagonal  and  wheel  iarometers. — A  form  of  barometer, 
called  the  diagonal  barometer,  is  represented  injig-  210.  In  this  the 
upper  end  of  the  tube  is  bent, 
so  that  the  scale,  instead  of 
being  limited  to  the  length  c  d, 
is  extended  over  the  greater 
length  c  B. 

A  form  of  barometer,  called 
the  wheel  barometer,  is  repre- 
sented in  _y^.  211.  In  this,  the 
tube,  instead  of  having  a  cis- 
tern, ia  continued  of  the  same 
diameter,  having  its  lower  end 
bent  upwards  at  B  C.  A  float 
is  placed  upon  the  mercury  at 
p,  which  rises  and  falls  with  it. 
The  change  of  altitude  of  the 
level  E  corresponds  with  that 
of  E,  and  the  difference  between 
the  two  levels  B  and  F  is  the 
height  of  the  barometric  co- 
lumn. The  changes  of  this 
height  are  always  double  the 
change  of  Jevel  of  the  suriaoe 
E  P.  The  float  F  is  connected  by  a  string  with  a  wheel  h,  which  car- 
ries an  index  that  plays  upon  a  graduated  dial-plate,  g.  In  this 
manner  the  magnitude  of  the  graduated  scale  may  be  made  to  bear 
any  proportion,  however  great,  to  the  change  of  level  of  the  mercury 
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diice  a  considerable  motion  of  me  index. 

•/  719.  State  of  the  upper  regions  of  Ike  atmosphere. — The  gravity 

of  Mr,  combined  with  ita  etaatioity  and  comprrasibility,  supplies  the 

means  of  determining,  by  reasoning  aloao,  the  oonstitutioa  of  the 

superior  strata  of  the  atmosphere,  which  are  inaccessible  to  direct 

experiment. 

If  we  suppose  the  atm(sphere,  which  extends  from  tie  surface  of 
the  earth  upwards  to  a  height  more  or  leas  considerable,  to  consist  of 
■V  series  of  layer?  or  strata,  placed  one  above  the  other,  it  is  evident 
h  h  stratum,  in  ascending,  will  sustain  a  weight  leas 

h  n  h  b  1  w  The  first  stratum  of  atmosphere,  which  is  in 
mm  d  a  nta  with  the  surface  of  the  earth  is  compressed  by  the 
en  u  w  igh  f  h  atmosphere  above  it,  that  Js  to  say,  by  the  weight 
of  h  wl  1  a  m  phere,  except  the  first  stratum ;  die  next  stratum 
IS  mp  sui  by  he  weight  of  the  whole  atmosphere,  except  that  of 
h    fi        w  ta;  the  third  stratum  is  eompreased  by  the  weight 

of  h  wh  1  an  phere,  except  the  first  three  strata;  and  so  on. 
N  w  has  b  a  already  shown  that  the  density  of  air  is  always  pro- 
p  n  1  to  h  f  0  which  compresses  it;  and  it  follows,  therefore, 
b.  h  d  y  f  the  first,  or  lowest  stratuln,  is  greater  than  the 
d  n    y    f    h  nd,  and  the  density  of  the  second  greater  than  the 

d  n  y  f  h  bird  and  so  on,  the  tur  becoming  gradually  less  dense 
a  oends  to  a  gieater  height. 

720.  Height  ofalmospJiere  limited. — It  may  be  aaked,'under  suoh 
circumstance,  whether  the  atmcsphere  must  not  estend  to  an  un- 
limited height,  beoause,  if  its  rarefaction  augments  in  proportion  as 
the  compression  diminishes,  there  can  be  no  limit  to  such  rarefeetion. 
But  it  must  be  remembered  that  the  constituent  particles  or  ulti- 
mate molecules  of  the  air  itself  have  definite  weight,  and  that,  so 
soon  as  the  rarefaction  becomes  so  great  that  the  elastic  force  proceed- 
ing from  the  mutual  repulsion  of  ^e  particles  of  air  is  equal  to  tha 
weight  of  these  particles,  no  further  rarefaction  can  take  plac^.  We 
may  therefore  conceive  the  particles  of  air  at  the  upper  aurlace  of  the 
atmosphere  resting  in  equilibrium,  under  the  influence  of  two  oppo- 
site forces,  viz.,  their  own  weight  tending  to  caiTy  them  downwards, 
and  the  mutual  repulsion  of  the  particles  which  constitutes  the  elas- 
tioity  of  the  air  tending  to  drive  them  upwai'ds. 

If  a  particle  of  air  were  raised  above  this  height  by  the  application 
of  any  estemal  agency,  and  then  disengaged,  it  would  drap  by  ifs 
gravity  to  the  surSoe  of  the  atmosphere,  in  the  same  manner  and  by 
Die  same  law  which  makes  a  stone  drop  to  the  ground.  The  limit, 
therefore,  of  the  altitude  of  the  atmosphere  is  that  point  where  the 
rajefaotion  will  diminish  the  elastic  force  of  the  au,  so  as  to  render 
it  equal  to  the  proper  gravity  of  its  constituent  particles. 

721.  Average  presmre  of  atmosphere.  —  We  have  seen  that  the 
30*  _      353 


72  MECHANICAL  PROPERTIEa  OF  AIR, 

heiglit  of  tlie  columa  of  mercury  which  balances  the  atmospioiio 
pressure  at  tiie  surfaoe  of  Has  earth  is  about  30  inchas.  Now  two 
cubic  inches  of  mercury  weigh  in  round  numbers  a  pound  avoirdupois; 
couseq^uentlj  it  follows,  that  a  column  of  mercury,  whose  base  is  a 
square  iaoh  and  wlioae  height  is  SOinehes,  will  weigh  15  Iha. 

But  since  siich  a  column  meaaures  the  pressure  of  the  atmosphere, 
it  follows  ttat  the  atmosphere  presses  with  a  force  of  15  lbs.  for  every 
square  inch  of  surface  upon  which  it  rests. 

But  the  air  possesses,  in  common  with  all  other  fluids,  the  fiicultjy 
of  ti'ansmitting  pressure  equally  in  every  direolion;  consequently  it 
follows,  that  every  object  exposed  to  the  atmosphere  is  pressed  upon 
every  part  of  its  surface  with  a  force  amounting  to  15  lbs.  per  square 

The  surface  of  a  human  body  of  average  size  meaaures  about  2000 
square  inches.  Such  a  body,  therefore,  sustaius  a  pressure  from  the 
atmosphere  amounting  to  30,000  lbs,,  or  very  Eearty  15  tons. 

.722.  Method  of  measuring  lieighls  by  harometer.  — It  has  been 
^own  that  when  a  barometer  is  carried  upwards  in  the  atmosphere, 
the  column  of  mercury  in  the  tube  falls,  because  the  force  which  sus- 
tains it  is  diminished  by  an  amount  equal  to  the  weight  of  the  column 
which  it  leaves  below  it.  By  comparing,  therefore,  the  height  of  the 
column  in  the  barometer  at  any  two  stations,  one  of  which  is  above 
the  other,  we  can  ascertain  directly  the  weight  of  a  column  of  atmo- 
sphere extendicg  from  the  lower  fo  the  higher  station.  Thus,  for 
example,  if  the  column  of  mercury  in  the  barometer  at  the  lower 
station  be  30  inches,  and  at  the  higher  station  20  inches,  it  follows 
that  a  column  of  air  whose  base  is  at  the  lower  station,  and  whose 
summit  is  at  the  higher  station,  will  have  a  weight  equal  to  that  of  a 
column  of  mercury  10  inches  high,  and  therefore  that  the  quantity 
of  air  composing  such  a  column  will  be  one-third  of  the  quantity 
composing  a  column  extending  from  the  lower  station  to  the  summit 
of  the  atmosphere. 

If  the  atmosphere  were  uniformly  dense,  the  barometer  would  sup- 
ply a  most  easy  and  simple  means  of  determining  its  actual  height, 

In  the  esample  just  given,  the  column  of  air  between  the  two  sta- 
tions would  weigh  one-third  of  the  weight  of  a  column  extending 
from  the  lower  atalaon  to  the  summit  of  the  atmosphere;  and,  if  the 
air  were  uniformly  dense,  it  would  follow,  therefore,  that  the  entire 
height  of  the  atmosphere  would  be  just  three  times  the  height  of  the 
upper  above  the  lower  station.  But,  owmg  to  the  circumstances 
already  explained,  which  produce  a  gradual  rarefaction  of  the  air  as 
the  height  increases,  it  follows  that  tiie  heights  of  columns  of  rdr  are 
not  proportional  to  their  weights. 

If  the  only  cause  which  produces  a  gradual  rarefaction  of  the  fur 

as  we  ascend  in  the  atmosphere  were  that  which  has  been  just  stated, 

namely,  the  weight  of  the  Incumbent  air,  it  would  not  be  dif&cult  to 
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find  a  nile  by  which  a  ohniigc  of  iiltitndo  might  he  icfeiTed  fi'om  ob- 
seiTing  the  change  of  pressure  indicated  hj  a  barometer.  Such  a  rule 
has  been  defei-miued,  and  is  capable  of  being  expressed  in  the  lan- 
guage of  mathematics,  although  it  be  not  of  a  natore  to  be  rendered 
intelligible  in  an  elementary  and  popular  treatise. 

723.  Density  of  air  affected  hy  Us  temperature.  — But  there  are 
other  causes  affecting  the  relation  of  the  change  of  pressure  to  the 
change  of  altitude.  The  density  of  any  stratum  of  air  is  not  alone 
affected  by  the  incumbent  preissure  of  the  superior  strata,  but  also  by 
its  own  temperature.  If  any  cause  increase  this  temperature,  the 
stratum  will  become  more  rarefied,  and  with  a  less  density  will  sup- 
port the  same  incumbent  pressure ;  and  if,  on  the  contrary,  any  cause 
produce  a  fall  of  temperature,  it  will  require  a  greater  density  with 
the  same  pressui-e.  In  the  one  case,  therefore,  a  change  of  elevation 
■which  would  be  necessary  to  produce  a  given  change  in  the  height  of 
the  barometer  would  be  greater  than  that  computed  on  theoretical 
principles;  and  in  the  other  case  it  would  be  less.  The  temperature 
therefore  forms  an  essential  condition  in  the  calculation  of  heights  by 
the  barometer. 

Formulfe  have  been  contrived,  partly  by  theoretical  principles, 
and  partly  from  observaljon,  by  which  the  difference  of  height  of  two 
stations  may  be  deduced  from  observations  simultaneously  made  at 
them  on  the  barometer  and  the  thermometer.  To  apply  such  a  rule 
it  is  necessary  to  know,  first,  the  latitude  of  the  place  of  observation ; 
secondly,  the  heights  of  the  barometer  and  thermometer  at  each  of 
the  two  stations,  besides  some  otber  physical  data,  to  comprehend 
which  it  would  be  necessary  to  have  reference  to  some  principles 
drawn  irom  the  physics  of  heat  and  from  pJiysioal  astronomy,  which 
cannot  be  introduced  here.  Such  a  formula,  therefore,  cannot  be 
i^fully  given  here. 

724.  Fall  of  barometer  in  the  balloon  ascent  of  De  Luc.  —  The 
bSirometer  in  the  balloon  in  which  the  celebrated  De  Luc  made  his 
scientific  voyage,  fell  at  the  greatest  altitude  to  12  inches.  Suppos- 
ing the  barometer  at  the  surface  to  have  stood  at  that  time  at  30 
iuches,  it  follows  from  this,  that  ho  must  have  left  below  Mm  in 
quantity  exactly  three-fifths  of  the  entire  atmosphere,  since  12  inches 
would  be  only  two-fifths  of  the  complete  column  si^tiuned  in  the 
barometric  tube.  His  elevation  at  this  moment  was  estimated  to 
have  been  20,000  feet;  but  it  is  certain  that  he  had  not  attained  a 
point  amounting  to  more  than  a  small  fraction  of  the  entire  altitude 
of  the  atmosphere. 

Since  the  denaty  of  oil  is  proportional  to  its  pressure,  other  things 
being  the  same,  it  would  follow  that  the  density  of  tie  aii'  in  which 
the  balloon  floated  on  this  occasion  was  only  four-tenths  of  the  density 
at  the  surface. 

Now  when  the  barometer  is  at  SO  inches,  Mr  is  10,800  tim 
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ttan  fflsreiii'y;  and,  cousequeotly,  tlie  Mr  surrounding  De  Luc's 
biiJloon  must  have  been  27,000  times  lighter,  biilk  for  bulk,  than 
mercury.  Tlie  height,  therefore,  of  air  above  the  balloon,  supposing 
ita  density  to  be  undiminished  in  rising,  would  have  been  27,000 
feet,  and  in  this  case  tlie  entire  height  of  the  atmosphere  would  be 
nearly  50,000  feet.  But  here  it  is  to  be  considered,  as  io  the  former 
case,  that  in  rising  above  the  level  of  the  balloon,  the  air  would  con- 
stantly diminish  in  density;  and  consequently  a  column  supporting 
12  inches  of  mercury  would  have  a  much  greater  elevation  than 
27,000  feet. 

726.  Extreme  variations  incidental  to  the  iaromeier.  —  The  phy- 
sical effect  of  which  the  barometric  column  is  the  measure,  is  the 
weight  of  the  atmosphere  at  the  place  where  this  barometric  column 
is  situated ;  and  consequently,  the  variations,  whatever  they  may  be, 
which  are  incidental  to  the  column,  indicate  corresponding  variations 
in  the  weight  of  the  atmosphere.  Now  it  has  been  found  that  the 
barometric  column  is  subject  to  two  species  of  variation ;  one  of  an 
estremely  minute  amount,  and  which  tdies  place  at  regular  periods; 
the  other  of  much  greater  amount,  and  which  may  be  considered  as 
comparatively  contingent  and  accidental.  The  estreroe  limit  of  this 
latter  variation  is,  however,  not  great.  The  gvoatflst  height,  for  ex- 
ample, which  the  barometer  kept  at  the  Paris  Observatory  has  been 
known  to  attain  is  30'7  inches,  and  the  lowest  28'2  inches,  the  differ- 
ence being  25  inches,  or  ^"jth  of  the  average  height  of  the  column. 

The  mean  height  of  the  barometer  at  Paris,  obtained  from  ob- 
servations continued  for  several  years,  has  been  found  to  be  29-77 
inches. 

726.  Diurnal  variation.  —  The  periodical  variations  of  the  barom- 
etric column  are  estremely  complicated,  though  very  minute.  In 
winter,  it  is  found  that  the  column  attans  ft  majdmum  height  at  nine 
in  the  morning;  it  fails  from  this  hour  tmtil  three  in  the  afternoon; 
it  then  be^ns  to  rise,  and  attains  another  n 


evening.  In  summer,  the  hour  of  the  first  masimum  is  eight  in  the 
morning,  and  that  of  the  minimum  foui'  in  the  afternoon ;  that  of  the 
second  masimum  being  eleven  at  night.  In  spring  and  antmnc,  this 
maximum  and  minimum  take  place  at  intermediate  hours. 

727.  Supposed  conneciiort  between  haromeiria  changes  and  the 
weather.  —  The  accidental  variations  of  the  barometer,  or,  to  apeak 
more  properly,  those  which  are  not  periodic,  and  wluch  are  much 
greater  in  magnitude,  have  been  generally  supposed  to  be  prognostics 
of  change  in  the  weather,  and  hence  the  barometer  is  sometimes  called 
a  weather-glass.  Kules  have  been  attempted  to  be  established  by 
which  from  the  absolute  height  of  the  mercurial  column  the  coming 
state  of  the  woather'may  be  predicted;  and  we  accolrdingly  find  the 
words  Eiain,  Fair,  Changeable,  Frost,  &o.,  engraved  upon  the  scale 
attached  to  common  domestlo  barometeiB,  as  if,  when  the  mercury 
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EtErnds  at  the  heiglita  marked  respeotively  by  tbese  words,  tte  weather 
is  always  subject  to  the  YiciBsitudea  espr^sed  by  them. 

It  reqmre3  but  little  reflection  on  what  has  been  stated  to  sho^  the 
fallacy  o£  suoh  indioatioua.  The  absolute  heiglit  of  the  mercurial 
column  vai'ies  with  tte  position  of  the  instrument.  A  barometer  in 
Fleet  Street,  Iiondon,  will  be  higher  at  tlie  same  moment  than  one 
on  the  top  of  St.  Paul's,  and  consequently  two  anoh  barometers  would 
indicate  diifevent  coming  changes  of  the  weather,  though  absolutely 
situate  in  the  same  place.  Two  barometers,  one  of  which  is  placed  at 
the  level  of  the  Tluunes,  and  the  other  at  the  top  of  Hampstead  Hill, 
■will  differ  by  half  an  inch,  and,  consequently,  would  indicate,  accord- 
ing to  the  usual  scales,  different  coming  changes. 

728.  Fallacy/  of  Ike  popular  rules.  —  It  is  evident,  therefore,  that 
the  abwlute  height  of  iJie  barometer  cannot  in  itself  be  an  indication 
of  anylhing  but  the  wtight  of  the  atmosphere  in  the  place  where  the 
iiisfiument  stand*),  and  the  words  engraved  on  barometric  plates, 
which  have  been  just  refeired  to,  are  altogether  unworthy  of  serious 
itti.ntnn 

it  IS  found  th^t  the  (.hangc*  of  weather  are  indicated  not  by  the 
1  tual  height  of  the  meicurv,  but  by  its  change  of  height.  One  of  the 
most  general,  though  not  mviiiable  rules,  is,  that  when  the  mercury 
is  very  low,  and  therefore  the  atmosphere  very  light,  high  winds  and 
storms  are  likely  to  prevail. 

729.  Rules  by  which  coming  changes  may  be  prognosticated. — 
Tlie  following  rules  may  to  some  extent  be  relied  upon,  but  even 
these  ore  subject  to  much  uncertainty. 

1.  Generally  the  rising  of  the  mercury  indicates  the  approach  of 
fair  weather,  the  falling  of  it  shows  the  approach  of  foul  weather. 

2.  In  sultry  weather,  the  fall  of  the  mercury  indicates  coming 
thunder.  In  winter  the  rise  of  the  mercury  indicates  frost.  In  frost, 
its  fall  indicates  thaw,  and  its  rise  indicates  snow. 

3.  Whatever  change  of  weather  suddenly  follows  a  change  in  the 
barometer,  may  be  expected  to  laat  but  a  short  time.  Thus,  if  fair 
weather  follow  immediately  the  rise  of  the  mercury,  there  will  be 
very  little  of  it ;  and,  in  the  same  way,  if  foul  weather  follow  the  Ml 
of  the  mercury,  it  wiU  last  but  a  short  lime. 

4.  If  fair  weather  continue  for  several  days,  during  which  the  mer- 
cury continually  falls,  a  long  succ^aion  of  foul  weather  will  probably 
ensue ;  and  again,  if  foul  weather  continue  for  several  days  while  the 
mei-cury  continually  rises,  a  long  succession  of  fair  weather  will  pro- 
bably succeed. 

5.  A  fiuctuatmg  and  unsettled  state  in  the  mercurial  column 
indicates  changeable  weather. 

The  domestic  barometer  would  become  a  much  more  useful  in- 
ptrument,  if,  instead  of  the  words  usually  engraved  on  the  plate,  a 
fchort  liat  of  the  best  established  rules,  such  aa  the  preceding,  aoeom- 
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panied  it,  wliich  might  be  eitiier  engraveiS  on  the  plate  or  printed 
on  a  card. 

It  would  l>e  right,  however,  to  express  the  rules  only  with  that 
degree  of  prohability  wh^ch  observation  of  past  phenomena  has  just- 
ified. There  b  no  rule  reepeoting  these  effects  which  will  hold  good 
with  perfect  certainty  in  every  case. 

730^  Calculation  of  the  height  of  the  abnosphere  if  it  were  of 
umform  density,  and  the  limit  of  its  variation  of  height. -~  The 
weight  of  maroury  is  ISj  times  greater  than  that  of  water,  and  the 
weight  of  wafer  ia  about  800  times  that  of  air,  at  the  mean  density 
of  the  latter;  consequently,  the  weight  of  mercury  is,  bidk  for  hoik, 
10,800, times  greater  than  the  weight  of  air;  therefore  a  column  of 
air  of  uniform  density,  equal  in  weight  to  the  barometric  column, 
■would  be  10,800  times  higher.  Now,  taking  the  average  height  of 
the  barometric  column  at  2i  feet,  a  column  of  air  of  equal  weight, 
and  having  a  uniform  density  eqtial  to  tbat  of  air  at  the  surface  of  the 
earth,  would  give  a  height  of  27,000  feet;  and,  wnoe  the  barometric 
column  is  subject  to  irregular  variations,  which  range  within  a  twelfth 
of  its  entire  height,  the  corresponding  column  of  air  would  be  subject 
to  like  variations,  rangmg  within  a  like  proportion  of  its  entire  height, 
which  according  to  this  calculation  would  amount  to  2250  feet.  If, 
therefore,  the  atmosphere  were,  like  the  ocean,  of  uniform  density, 
the  height  of  the  waves,  which  would  be  incidental  to  its  surface 
agitated  by  the  disturbances  to  which  it  is  exposed,  would  be  nearly 
half  a  mile. 

731.  Enormous  height  of  atmospheric  waves.  —  But  aa  the  at- 
mcraphere  is  not  of  imiform  density,  but  diminishes  in  density  in  a 
rapid  proportion,  as  the  height  increases,  its  altitude  is  much  greater 
tban  27,000  feet;  and  the  change  incidental  to  its  superficial  level 
indicated  by  the  variations  of  the  barometer  must  therefore  be  propor- 
tionally gi'eater.  The  waves  of  the  sea,  tbei-efore,  even  in  the  most 
violent  storms,  are  absolutely  insignificant  compared  with  the  waves 
which  prevail  in  the  upper  surface  of  the  ocean  of  atmosphere  under 
which  we  live. 

732.  Why  the  almosplieric  pressure  does  riot  crush  bodies  exposed 
to  it. — It  might  be  expected  that  the  great  pressure  to  which  all 
bodies  surrounded  by  the  atmosphere  are  exposed  would  produce  con- 
spicuous effects,  in  crushing,  eompresMug,  or  bursting  them ;  whereas 
it  ia  foand  that  even  the  mc«t  delicate  textures  are  not  affected  by  it. 
A  bag  made  of  the  lightest  and  finest  tissue  partially  filled  with  air, 
is  practically  subject  to  no  external  pressure;  its  sides,  though  loaded 
with  an  enormous  pressure,  do  not  collapse.  This  is  explained  partly 
by  the  equality  of  the  pressure  which  is  directed  upon  it  oa  all  sides, 
and  partly  by  the  resisfance  produced  from  within,  by  the  elasticity  of 
tie  air  contained  in  it. 

The  same  eirourastanccs  explaii 


WEIGHT  OF  AIR.  77 

obstructed  ia  their  moTeiaents,  nor  cruahed  by  tbe  eaonnous  pressure 
to  whioh  their  bodies  are  subjected.  The  atiuospliere  pressing  them 
equally  ia  every  possible  direction,  laterally  and  obliquely,  upwards 
and  downwards,  has  no  tendeaoy  to  impel  them  in  any  one  direotioa, 
rather  than  another,  and  consequently  offers  no  other  resistance  to 
their  motion  than  is  produced  by  tlie  inertia  of  the  atmosphere  itself. 
The  internal  pores  of  their  bodies  being  filled  with  fluids,  both  liquid 
and  gaseous,  producing  a  pressure  outwards  exactly  equal  to  the  ex- 
ternal pressure  of  the  air  inwaixls,  an  equilibrium  results,  and  no  part 
of  the  body  is  crushed. 

The  effect  of  the  interna!  fluids  in  resisting  the  external  pressure 
of  the  atmosphere  may  be  rendered  manifest  by  applying  an  eshaust- 
iug  syringe  or  a  cupping-glass  to  any  part  of  the  skin.  8uoh  aa  in- 
strument has  no  olier  effect  than  that  of  removing  the  atmospheric 
pressure  from  that  part  of  the  surface  to  whioh  it  is  applied;  but 
when  it  does  this,  immediately  the  skin  is  distended  and  sucked,  as  it 
were,  into  the  glass,  in  consequence  of  the  elasticity  of  the  fluids  con- 
tained in  the  organs. 

733.  Suction  the  effect  of  atmospheric  pressure.  —  The  various 
pheaomena,  which  are  vulgarly  called  suction,  are  merely  the  effects 
of  atmospheric  pressure.  If  a  piece  of  moist  leather  be  placed  in 
close  contact  with  any  heavy  body  having  a  smooth  surface,  such  as  a 
stoue  or  a  piece  of  metal,  it  will  adhere  to  it;  and  if  a  cord  be  at- 
tached to  the  leather,  the  stone  or  metal  may  be  raised  by  it. 

This  effect  arises  from  the  exclusion  of  the  air  between  the  leather 
and  the  stone.  The  weight  of  the  atmosphere  presses  then-  atirfaoes 
together  with  a  force  amounting  to  15  lbs.  on  a  square  inch  of  the 
surface  of  contact. 

734.  Flies  walldng  an  ceiling.  —  The  power  of  flies,  and  other 
insects,  to  walk  on  ceilings,  smooth  pieces  of  wood,  and  other  similar 
surfasea,  in  doing  whioh  the  gravity  of  their  bodies  appears  to  have 
no  effect,  is  expldned  upon  the  same  principle.  Their  feet  are  pro- 
vided with  an  apparatus  similar  exactly  to  the  leather  applied  to  the 
stone. 

735.  Respiration.  — The  pressure  and  elasticity  of  the  air  are  both 
called  into  effect  in  the  act  of  respiration.  When  we  inspire  the  at- 
mosphere, we  make  by  a  muscular  exertion  an  enlarged  space  within 
the  chest.  The  atmospheric  pressure  forces  the  external  air  into  this 
space.  By  another  and  contrary  muscular  exertion,  the  chest  is  then 
contracted,  so  as  to  squeeze  out  the  air  which  has  boon  inhaled,  and 
which,  by  compression,  a  quires  in  elasticity  greater  than  the  atmos- 
pheric pressure,  m  vMuo  of  which  it  is  forced  out  at  the  mouth  and 


736.  taction  ofbellotis  — The  action  of  a  common  bellows  is  pre- 
cisely similar,  escept  that  the  aperture  througb  which  the  air  enters 
is  different  from  thit  by  which  it  ia  cspclled.     Tho  analogy,  kow- 
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ever,  would  be  complete  if  we  inspired  by  tlie  mouth  and  espelled  by 
the  nose.  Wben  tiie  boavda  of  the  bellows  are  sepwated,  the  inaer 
chamber  ia  enlarged,  and  the  air  is  forced  in  by  the  external  pressure 
through  the  aperture  govenied  by  (lie  leather  valve  or  clack,  The 
boards  being  thoa  pressed  together,  and  the  escape  of  the  air  being 
stopped  by  tJie  closed  valve,  it  is  compressed  until  it  acquires  an  elas- 
ticity greater  than  the  atmoapheria  pressure,  and  ia  forced  out. 

Bellows  on  a  large  scale  are  constructed  with  an  intermediate  board, 
BO  as  to  consist  of  two  chambers,  and  to  produce  a  continued  instead 
of  an  intermittent  blast.  This  ia  nothing  more  than  a  double  bellows, 
one  forcitig  air  into  the  chamber  of  the  other,  and  the  second  being 
urged  by  an  uninterrupted  pressure  pi-oduced  usually  by  a  weight 
suspended  from  the  upper  board, 

737.  Vent-peg —  lid  of  tea-pot.  —  The  effect  produced  by  a  vent- 
peg  in  a  cask  of  liquid  is  explained  by  the  atmospheric  pressure. 
The  cask  being  air-tight,  so  long  aa  the  vent-peg  is  maintaineil  in  its 
position,  the  surface  of  the  liquid  in  the  vessel  will  be  esoluded  from 
the  atmospheric  pressure,  and  it  can  only  flow  from  the  cock  in  vir- 
tue of  its  own  weight.  If  the  weight  of  the  atmosphere  be  greater 
than  the  weight  of  a  column  of  the  liquid,  eorrespoading  with  the  depth 
of  the  liquid  in  the  vessel,  the  liquid  cannot  flow  from  the  cask ;  but 
the  moment  the  vent-peg  is  removed,  the  atmoapheric  pressure  being 
admitted  above  the  level  of  the  liquid  in  the  cask,  the  liquid  flows 
from  the  cock  in  virtue  of  its  own  weight. 

If  the  lid  of  a  toapot  or  kettle  wore  perfectly  close,  the  liquid 
would  not  flow  from  the  pipe,  because  the  atmospheric  pressure  would 
be  excluded  from  the  inner  surface.  A  small  hole  is  therefore  usually 
made  in  the  lid  to  admit  the  air  and  allow  the  liquid  to  flow  freely. 

738,  Pneumatic  ink-bottle.  —  Inib  ttl  m  bm 

structed  as  to  prevent  the  inoonven  f  th       k  th   k  d 

t  1         fis 


t  f     th     mm 
p  ured    n    t       th 
bottie  being  pi  eed         n       1    ed  i      t 
gradually  filled    p  to  th    n  b  A      If  th    1  ttl 
be  now  placed      thptni        tdnth 
Fig,  313.  figii^i  the  ehambei  a  b  bemg  filled  with  the 

liquid,  the  air  will  be  excluded  from  it,  and  the 
pressure  tending  to  force  the  ink  upwards  in  the  short  tube  c,  will  be 
equal  to  the  weight  of  the  column  of  ink,  the  height  of  which  is  equal 
to  the  depth  of  the  ink  in  the  bottie  a  b,  and  the  bore  of  which  is 
equa!  to  the  section  of  the  tube  c.  The  ink  will  be  prevented  from 
rising  in  the  tube  c  by  the  atmospheric  pressure,  which  ia  much 
greater  than  the  pressure  of  the  column  of  liquid  in  the  bottle.     Aa 
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tlie  ink  in  the  short  tube  o  ia  consumed  hy  use,  its  surface  will  gradu- 
ally &11  to  a  level  with  the  horizontal  tuhe  b,  a  Bmail  bubble  of  air 
will  then  insinuate  itself  through  B,  and  ■will  rise  to  the  top  of  the 
bottle  A  B,  where  it  will  esert  an  elastio  pressure,  which  will  causa 
the  surface  of  the  ink  in  c  to  rise  a  little  higher;  and  this  effect  will 
be  eontinually  repeated,  until  all  the  ink  in  tka  bottle  has  been  used. 

Birdcage  fountSuna  are  constructed  on  the  same  principle. 

The  peculiar  gurgling  noise  produced  in  decanting  wine  arisea 
from  the  preasare  of  the  atmosphere  forcing  air  into  the  interior  of 
the  bottle  to  replace  the  liquid  which  escapes. 


HASBF ACTION  AND  CONDBNS AXIOM  OF  AIR. 

The  effects,  infinitely  Tarious,  produced  by  the  atmosphere  on 
bodies,  whether  organized  or  unorganized,  cannot  be  made  fully  mani- 
fest without  being  enabled  to  exhibit  the  same  objects  under  other 
atmospheric  conditions,  such  as  when  exposed  fo  an  atmosphere  much 
more  rare  and  much  more  condensed.  Instraments  for  experimental 
investigation  have  been  acoordiugly  oontrived,  by  which  tl 
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of  experimental  inquiries  can  be  either  rarefied  or 
condensed  to  any  desired  extent  within  practical 
limits.  We  shall  in  the  present  chapter  explain 
the  principal  instruments  by  which  these  pro- 
cesses are  exhibited,  and  give  some  examples  of 
their  use. 

739.  The  exhausting  si/nnge.  —  LetAB,/^. 
213.,  represent  a  cylinder  having  a  solid  pistoa 
P,  moving  air-tight  in  it.  Let  c  be  a  tube  pro- 
ceeding from  its  lower  end,  furnished  with  a  stop- 
cock 0,  and  let  B  be  another  tube  fninisbed  with 
a  stop-cook  D.  Let  the  tube  c  be  screwed  upon 
any  vessel  such  as  R,  from  which  it  is  desii-ed  (o 
extract  the  air. 

If  the  piston  bo  now  raised  in  the  cylinder,  the 
cock  D  being  closed  and  the  cock  0  being  open, 
the  air  in  e  will  necessarily  expand,  in  virtue  of 
its  elasticity,  so  as  to  fi]l  the  enlarged  space 
provided  by  raising  the  piston.  The  air  which 
previously  filled  the  vessel  a  and  the  connecting 
tube  will,  in  fact,  now  fill  these,  and  also  the  en- 
larged space  in  the  cylinder.    When  the  piston 
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ia  bronglit  to  the  top  of  the  cjliader,  let  the  cock  c  he  closed  and  tie 
cock  j>  be  opened.  Upon  driving  down  the  piston,  the  air  which 
fill3  the  ojlinder  will  be  expelled  from  the  tube  E  through  the  open 
stop-oook  D.  Whfln  the  pistoa  has  reached  the  bottom  of  the  ojlinder, 
let  D  he  closed. and  0  opened,  and  let  the  same  process  he  repeated; 
the  air  filling  the  vessel  R  will,  as  before,  dilate  itself,  so  as  to  flU 
such  vessel  and  the  oyiinder.  The  cock  o  being  again  closed,  and  d 
opened,  and  the  piston  driven  down,  the  air  which  fills  the  cylinder 
will  be  again  espelled.  This  process  being  continued,  auy  desired 
quantity  of  air,  short  of  the  whole,  caa  be  taken  out  of  the  vessel  R 
and  cKpelled  info  the  atmosphere. 

It  is  evident  that  the  escape  of  the  air  from  R  into  the  cylinder  is 
effected  in  virtue  of  ite  elasticity;  while  its  escape  from  the  st«p-oock 
D  into  tie  atmosphere  is  effected  in  virtue  of  its  compressibility. 

740.  Rate  of  the  rarefaction.  —  It  is  easy  to  explain  the  rale  at 
which  the  air  is  drawn  from  the  vessel  s,  by  this  process.  If  we  sup- 
pose the  volume  of  the  cylinder  through  which  the  piston  passes  to  be 
Jjth  f  mil      f  th     nt         lun      t  th     yl    d      th    t  be  -ml 
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Thu?  in  f  welve  ttioke-i  uf  the  tynnge  of  tlie  ten  inillioii  of  grains 
nf  -in  ODgmaily  moluded  something  moie  than  seven  million,  oi; 
=pnn  tenths  of  the  whole,  have  been  withdrawn,  and  somethiog  leas 
thxii  three-tenths  remain 

7-il  An  absolute  vacuum  cannot  he  obtained  ly  this  process.  —  A 
111  f-iotion  Laa  been  thciefure  pro^ncel  in  the  proportion  of  some- 
thing more  than  three  to  tan  Bat  it  will  he  apparent,  that  although 
by  this  pioce^  the  rarefaction  may  he  continued  to  any  required 
extent,  3  literal  and  absolute  vacuum  can  never  be  produced,  because 
'jime  quantity  of  iir,  however  small,  must  always  remain  in  the 
^  eat,el  r  After  e'v  ery  stroke  of  the  pistou,  i^ths  of  the  air  which  ia 
in  the  vessel  before  the  atrolie  lemains  m  it  Now  it  is  evident,  that 
it  we  successively  subtiact  .gth  of  any  quantity,  we  must  always 
ha\e  ■'orao  i am ainder,  however  long  the  process  be  continued;  and 
the  same  will  be  true,  whitevcr  [ropoitaon  bo  thus  continually  sub- 
tnct  d 

742  But  ma'i  be  indefinitely  approai,hed  — Nevertheless,  al- 
though an  absolute  vacuum  cannot  be  tbtamed  by  such  means,  we  can 
c  ntinue  the  process  until  the  rarefaction  shall  be  carried  to  any  re- 
quiied  extent 

In  practice,  the  stop  cocks  D  and  a  are  replaced  by  valves,  A 
vihi  IS  placed  at  D  which,  opening  outwards,  is  forced  open  by  the 
ela'itxi.ity  of  the  an  compressed  under  the  piston  when  depressed,  but 
Id  kept  closed  by  the  external  pres&ure  of  the  atmosphere  when  the 
1  iston  IS  laised  The  valve  at  o  opens  upwards,  and  is  opened  by 
the  elasticity  of  the  an  m  r  when  the  piston  is  rwsed,  and  kept  closed 
1  y  the  elasticity  of  the  compiessed  air  in  the  cylinder  when  the  piston 
i->  depressed  Instead  of  placing  a  tube  and  valve  at  b,  it  ia  usual  to 
make  the  -valve  in  the  piston  itself  opening  upward"  ■  but  the  wtion 
la  still  the  sam       A        htgygthf  ybhtly 

disaibed  to  con     t    f       yl    d     w  th  tw       1  th    b  tt  m 

opening  upward        d  th   p  t        '  -       ^ . 

the  piston  is  dr  wn     pw    d    th       I 
ia  opened  by  th    p  f  th 

through  it.     Wh      th    p  to        d 

piston  is  opened  by  th       1    t    ty    f  th  mp        d      d       t 

which  rushes  th        h  t 

743.   The  a    p    p  — Th         j     p  pp     t  t   g 

usually  of  two      ho^t        Jg  ^14mtl  t 

be  worked  by  a  single  winch  and  handle,  as  represented  at  D,  and 
communicating  by  a  common  pipe  T  with,  a  glass  vessel  E,  in  which 
may  be  placed  the  objects  of  esperiment.  The  vessel  R,  called  a  re- 
ceiver, has  an  edge  s  ground  smooth,  resting  upon  a  plate,  also  ground 
smooth,  and  kept  in  air-fight  connexion  with  it  by  being  smeared  with 
hog's  lard.  A  stop-oock  c  is  provided  in  the  pipe  T,  by  which  the 
communications  between  the  receiver  k  and  the  syringes  can  be  made 
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and  iDroken  at  pleasure.  Another  stop-cook  is  prOTided  elsewtere,  by 
whick  a  commiamcatioa  oau  lie  made  at  pleasure  betweea  tho  interior 
of  the  receiver  a  and  the  esteraal  air.  To  indicate  the  extent  to 
which  the  rarefectioii  is  carried  from  time  to  time  by  the  operation  of 
the  syringes,  a  mercurial  gauge  H  a  m  is  provided,  constructed  in  all 
respects  similar  to  a  barometer.  The  atmosphere  presses  on  the  sur- 
face of  the  mercury  in  the  cistern  M,  while  the  column  of  mercury 
in  the  tube  H  O  is  pressed  upon  by  the  rarefied  air  ia  r.  Tho  height 
of  the  column,  therefore,  sust^ned  in  the  tube,  indicates  the  difference 
between  the  pressure  of  the  external  air  and  the  adr  in  tho  receiver. 
When  a  gauge,  of  the  form  represented  in  Jig.  214., 
is  used,  it  is  necessary  that  it  should  have  the  height  of 
about  30  inches;  since,  when  a  high  degree  of  rai-eiao- 
tioE  has  been  effected,  a  column  of  mercury  will  be  sus- 
tained in  the  tube  h  G,  very  little  less  than  in  the  com- 
mon barometer.  In  small  pumps,  where  this  height 
would  be  inconvenient,  a  siphon-^auge,  such  aa  that 
represented  in  Jig.  215.,  ia  used.  This  gauge  is  screwed 
on  to  a  pipe  communicating  with  the  receiver.  Mer- 
cury fills  the  leg  A  B,  which  ia  closed  at  the  top  A,  and 
partially  fills  the  leg  a.  When  the  atmosphere  eommu- 
i  freely  with  me  tube  D  C,  the  surface  of  the  mer- 
cury in  s  being  pressed  by  its  full  force,  sustains  all  the 
mercury  which  the  tube  e  a  can  contain,  and  this  tube,  consequently, 
remains  completely  filled ;  but  when  the  pipe  d  o  S  is  put  in  commu- 
nication with  the  exhausted  receiver,  the  surface  of  the  mercury  ia  s 
being  acted  upon  only  by  the  pressure  of  the  rarefied  air  in  the  re- 
ceiver, the  weight  of  the  higher  column  in  b  a  will  predominate,  and 
the  mercury  will  fell  in  it,  until  the  difference  of  the  levels  in  the 
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two  logs  shall  \ip  eqial  t  the  pre  sine  of  tLe  raiefled  au  in  the  le- 
ceiver. 

744.  The  condeming  st/r  nge  — Tl  s  instrutQeui  differs  "lom  tke 
cshauslang  syringe  only  in  t£e  diie&tion  m  which  the  YaKea  ate 
placed.  It  consists  of  a  cjlinder  and  piston  is  repiesented  in  fig 
213.  "When  the  piston  la  drawn  npwaids  the  cock  d  ib  open  ind  C 
is  closed,  and  the  cylinder  is  filled  with  air  piooeeding  from  the  ex- 
ternal atmosphere.  When  the  piston  is  pressed  downwards,  the  cock 
D  is  closed,  and  c  is  opened,  and  the  air  which  filled  the  cylinder  is 
foroed  into  the  vessel  K.  On  raising  the  piston  again,  the  cook  o  is 
closed,  and  D  is  opened,  and  (he  effects  take  place  as  hefore.  It  is 
evident  that,  by  every  stroke  of  the  piston,  as  much  aii'  as  fills  the 
cylinder  is  driven  into  the  vessel  r. 

In  practice,  the  cooks  d  and  C  are  replaced  by  two  valves,  one  in 
the  bottom  of  the  cylinder,  and  the  other  in  the  piston,  both  opening 
downwards,  contrary  to  the  valves  in  the  eshauating  syringe. 

The  operation  is  explained  in  the  same  manner. 

745.  The  condensp.r. — The  condenser  is  au  apparatus  which  bears 
to  the  condensing  syringe  precisely  the  same  relation  which  the  air- 
pump  bears  to  9ie  exhausting  syringe.  It  consista  of  one  or  two 
condensing  syringes,  mounted  so  as  to  be  conveniently  worked  by  a 
winch,  and  communicating  with  a  strong  reservoir,  which  is  fastened 
down  upon  a  plate,  so  as  to  be  mdntained  in  air-tight  contact  with  it, 
notwithstanding  the  bursting  pressure  of  air  condensed  within  it. 
By  the  operation  of  syringes,  volumes  of  air  corresponding  to  their 
magnitude  are  forced  continually  into  the  reservoir,  which  becomes 
therefore  filled  with  an  atmosphere  proportionally  more  dense  than 
the  external  air. 

746.  Experiments  with  the  Ant-PUMP. — I.  External  Madder- 
glass. — A  strong  gh^s  vessel  is  provided,  open  both  at  top  and  bot- 
tom, and  having  a  diameter  of  four  or  five  inches.  Upon  one  end  is 
tied  a  bladder,  so  as  to  be  completely  wr-tight.  The  other  end  is 
placed  u^ion  the  pump-plate,  being  previously  smeared  with  lard,  to 
make  the  contact  air-tight.  The  air  under  the  bladder  is  rarefied  by 
the  operation  of  the  pump,  and  the  bladder  is  subject  to  a  pressure 
from  without  proportional  to  the  diffei'ence  between  the  pressure  of 
the  external  air  and  the  pressure  of  the  rarefied  air  under  the  blad- 
der. "When  the  rarefaction  has  been  carried  to  such  an  extent  that 
the  strength  of  the  bladder  is  less  than  this  pressure,  the  bladder 
bursts  with  a  loud  report. 

II.  Internal  Madder-glass. — A  glass  vessel,  open  at  one  end  only, 
similar  to  the  last,  is  provided,  on  me  mouth  of  which  a  bladder  is 
tied,  so  as  to  be  air-ttght.  This  vessel  is  placed  nnder  a  receiver  on 
the  air-pump  plate,  and  the  air  around  it  within  the  receiver  is  rare- 
fied by  the  pump.  The  elasticity  of  the  air  included  within  the  blad- 
81*  365 
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(ler  lieing  greater  than  tliat  of  tte  rarefied  air  outside  it,  tliere  is  a 
bursting  pressure  within  the  bladder  proportional  to  the  differeuee  he- 
tweeri  the  elasticity  of  the  air  ■nitliiii  and  without.  If  the  bladder 
be  Bot  too  strong,  tbe  rai-efaetioD  may  be  oanied  to  auoh  an  extent 
that  the  bladder  will  burst, 

III.  Bottle  hurst  hy  elasltdly  of  common  air. — Let  two  bottles 
composed  of  yery  thin  glaaa  be  provided,  one  having  flat  sid^,  and 
the  other  round,  and  their  mouths  being  closed,  so  as  to  be  air-tight, 
air  being  included  within.  If  these  bottles  be  placed  under  a  re- 
ceiver, and  the  air  around  tIteDi  be  esLauated,  that  with  the  flat  sides 
will  be  burst  by  (fce  elasticity  of  the  air  it  contains ;  that  which  has 
round  sides  will  resist  the  elastic  force  in  consec[uenoe  of  tbe  strength 
depending  on  its  shape. 

IV  Effect  of  ^ases  cmlained  in  dried  fruit. — If  shrivelled  fruit, 
such  as  apples  or  grapes,  be  placed  under  a  receiver,  and  tho  air 
iround  them  eshiuhted,  tliey  will  lose  their  shrivelled  appeaiance, 
and  seem  to  be  fiesh  and  ripe.  This  effect  is  caused  by  the  gases 
which  they  include  distending  thein  so  soon  as  their  external  surface 
IS  lelieved  from  the  pleasure  of  the  surrounding  air,  so  as  to  give 
effect  to  the  elasticity  of  these  gaaes. 

V  The  Magdehwgh  hemispheres. — The  apparatus  known  by  this 
title  IS  lepi^ented  m  fg  216.  It  consists  of  two  hollow  brass 
hemispheies  with  evenly  ground  edges,  which  admit  of  being  brought 
into  ait  tight  contact  when  smeared  with  lard.     The  apparatus  when 

__  screwed  upon  the  plate  of  an  air-pnmp  may  be  ex- 

hausted, so  that  IJiQ  space  within  the  hemispheres 
may  be  rendered  a  partial  vacuum.  The  external 
air  will  thus  press  the  two  hemispheres  together 
with  a  force  proportional  to  the  difference  between 
the  pressure  of  the  external  air  and  the  pressure  of 
the  rwefled  air  within.  When  a  sufSoient  exhaus- 
tion has  been  produced,  the  stop-cook  attached  to 
the  bwer  hemisphere  is  closed,  the  apparatus  is  un- 
screwed from  the  pump-plate,  and  a  handle  screwed 
upon  the  lower  hemisphere.  It  will  be  found  that 
two  of  the  strongest  men  will  be  unable  to  tear  the 
hemispheres  asunder,  provided  they  are  of  a  mode- 
rate mignitude,  owing  to  the  amount  of  the  pres- 
suie  with  which  they  are  held  together.  If,  for 
example,  the  pressure  of  the  rarefied  air  within  is 
a  column  of  two  inches  of  mercury,  while  the  external 
I  h  li  a  piessuie  lepresented  by  30  inches  of  mercury,  there  will  be 

I  f  jrce  -unountmg  to  14  lbs.  per  square  inch  in  the  section  of  the 

1   miHfheies 

If  the  hemispheres  have  4  inches  diameter,  lie  area  of  their  sec- 
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tioii  wjil  be  nearly  12^  square  inelies,  and  consequently  tie  force  with 
which  they  will  he  pressed  together  will  be  about 
12i  X  14  =  175  lbs. 
This  apparatus  derives  its  name  from  the  place  where  the  inventor 
of  the  air-pump,  Otto  Gnericlie,  first  exhibited  the  experiment,  iu  the 
year  1654.  The  section  of  the  hemiapherea  employed  by  him  mea- 
sured 113  square  inches,  and  they  were  held  together  by  a  force  equal 
to  about  three-fourtla  of  a  ton. 


MACHINES  FOR 

747.  The  bucket  in  a  well. — The  most  simple  apparatus  by  which 
water  can  be  raised  from  a  depth  is  a  bucket  suspended  from  a  rope, 
which  is  wound  upon  a  windlass.  The  bucket  being  let  down  and 
dipped  into  ,the  water,  is  drawn  ,up  by  working  the  windlass.  The 
bucket  may  he  filled  without  being  inverted,  by  providing  a  valve  iu 
its  bottom  opening  upwards ;  the  weight  of  the  empty  bucket  press- 
ing on  the  water  is  suf&eient  to  open  the  valve. 

In  this  process,  however,  the  moving  power  which  works  the  wind- 
lass raises  not  only  the  weight  of  the  water  and  the  bucket  which 
contains  it,  hat  also  the  weight  of  the  rope  by  which  the  bucket  is 


748.  The  lifdiig^ump.  —  If,  instead  of  a  bucket  and  rope,  a  pipe 
or  tube  be  let  down  into  the  well,  and  in  this  pipe  a  piston  be  pro- 
vided having  a  valve  in  it  opening  upwards,  this  piston  being  worked 
in  the  uauaJ  manner  upwards  and  downwards,  the  water  would  be 
lifted  in  the  pipe.  Such  an  apparatus  is  called  a  lifting-pump,  and  is 
represented  in^^.  217. :  W  is  the  water,  c  d  the  piston,  w  the  valve 
in  it  which  opens  upwards.  "When  the  piston  is  moved  downwaids, 
this  valve  opens,  and  the  water  passes  through  it.  When  the  piston 
is  moved  upwards,  the  column  of  water  which  is  above  it  la  pubhed 
up,  and  the  valve  is  kept  closed  by  the  pressure  of  the  water  upon  it. 
A  valve  x  is  placed  at  C  n  in  a  fixed  position,  through  whi&h  the 
column  of  wafer  passes  when  the  piston  rises,  and  which  pievents  the 
return  of  such  water  downwards,  the  valve  being  kept  closed  by  the 
weight  of  the  water  ahove  it.  The  column  of  water  driven  upwards 
by  the  piston  is  pushed  to  amy  required  height,  through  the  pipe  e  f. 
In  such  an  apparatus,  the  moving  power  must  be  equal  to  the  weight 
of  the  water  raised,  together  with  the  weight  of  the  pump-rod  and 
frame  by  which  the  piston  is  worked,  as  well  as  the  friction  of  the 
moving  parts. 
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Fig.  217. 


Fig.  318. 


749.  The  suction-pump.  — By  far  the  most  common  form  of  thQ 
water-pump  is  the  common  suction-pump  usually  provided  for  cfouies- 
tie  purposes.  This  instrument  oonsista  of  a  pipe  or  barrel,  &0,Jig. 
2T.8.,  which  descends  into  the  well,  and  the  length  of  which  must  be 
less  lian  34  feet.  Attached  to  the  top  of  this  pipe,  which  is  called  the 
suction-pipe,  is  a  large  syringe,  acting  precisely  on  the  principle  of  the 
eshausting  syringe  already  explained. 

At  the  commencement  of  the  operation,  the  pipe  a  e  is  filled  with 
ail  to  the  level  of  the  water  in  the  well.     The  operation  of  the  syriage, 
auoovding  to  what  has  been  already  explained,  draws  the  chief  part  of 
the  dr  out  of  this  pipe  a  e.     When  the  water  within  the  pipe  is  par- 
tially relieved  from  the  atmospheric  pressure,  the  weight  of  the  atmo- 
sphere, acting  upon  the  external  surfece  of  the  waf«r  in  the  well,  forces 
it  up  in  the  pipe  8  e;  and  according  as  the  air  is  withdrawn  by  the 
sj-ringe,  the  water  continues  to  rise,  until  it  passes  through  the  valve 
X.     This  valve  opening  upwards,  prevents  its  return,  since  the  weight 
of  the  column  above  it  will  keep  it  dosed.     When  the  barrel  a  o  he- 
rn    ii        w  h  w  by  nge  no  longer  acts  as  such,  but  works 
h             p      f    h    b    n      jump,  already  esplained.     When  the 
p      n  d       ud     h  X       closed,  and  the  valve  v  opened,  the 
wate   pas  ng   hr    gh   h    p    m.    When  the  piston  is  raised,  the 
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Talva  V  is  oloseil,  and  the  column  of  water  above  tie  piston  is  pro- 
jected upwards. 

Meanwhile  the  pressure  of  the  atmosphere  on  the  water  in  the  well 
causes  more  water  to  rise  ia  the  pump-harrel  following  the  piston. 

It  has  been  already  esplained  that  the  atmospheric  pressure  is  capa- 
ble of  supporting  a  ooluma  of  about  34  feet  of  water.  It  is  evident, 
therefore,  that  such  a  pump  as  is  here  described  can  oaly  be  efficient 
when  the  piston  ia  at  a  height  of  less  than  34  feet  above  the  surface 
of  the  water  in  the  well,  since  otherwise  the  atmospheric  pressure 
would  not  keep  the  wafer  in  contitct  with  the  piston. 

The  swofion-pump,  therefore,  as  compared  ■with  the  lifting-puiap, 
saves  34  feet  length  of  pump-rod;  but  otherwise  there  ia  no  com- 
parative mechanical  advantage. 

It  might  appear  at  first  view  that  the  pressure  of  the  atmosphere 
Bustaining  a  column  of  water  in  the  suotioii-pipe,  supplies  aid  to  the 
power  that  works  the  pump,  and  spares  an  equivalent  amount  of  that 
power. 

This,  however,  ia  not  the  ei^e,  as  will  appear  from  a  due  considera- 
tion of  all  the  forces  which  are  in  operation. 

The  atmosphere  presses  with  a  force  of  about  15  lbs.  per  square 
inch  on  the  surfeoe  of  the  water  in  the  well,  and  produces  therefore 
an  upward  force  upon  the  column  raised,  the  amount  of  which  is  es- 
timated in  Jbs.  by  multiplying  the  number  of  square  inches  in  the 
section  of  the  column  by  15.  But,  on  the  other  hand,  the  atmo- 
sphere also  pesaes  upon  the  upper  surface  of  the  column  raised  with 
exactly  the  same  force,  and  consequently  the  upward  and  downward 
pressure  of  the  atmosphere  upon  the  column  of  water  raised  being 
equal  and  opposite,  are  mutually  destructive ;  the  weight,  therefore, 
of  the  entire  column  of  water  extending  from  the  level  of  the  sur- 
fiice  in  the  well  to  the  pipe  of  discbarge  above,  must  be  raised  by  the 
power,  whatever  it  be,  that  works  the  pump.  This  power,  therefore, 
must  overcome  not  only  the  weight  of  the  column  of  water  above  the 
piston,  but  also  of  that  part  of  the  column  which  is  between  the  piston 
and  the  well. 

750.  The  forci^-pump.  —  This  instrument  is  represented  ia^g. 
219.  The  auction-pipe  0  b  is  similar  to  the  suclJon-pump.  The  piston 
c  (i  ia  a  solid  plug  without  a  valve. 

The  forcing  pipe  0  H  has  at  its  base  e  /  a  valve  V  which  opens  up- 
wards. When  the  piston  c  rf  is  raised,  the  valve  v  is  opened,  and  the 
water  rises  from  the  suction-pipe  into  the  pump-barrel.  When  the 
piston  c  i  is  pressed  downwards,  the  valve  V  ia  closed,  and  the  water 
is  forced  by  the  pressure  of  the  piston  through  the  valve  v'  into  the 
force-pipe,  and  thus  jrhile  the  operation  is  continued,  at  each  upward 
motion  of  the  piston,  water  is  drawn  from  the  suction-pipe  into  the 
pump-barrel,  and  at  each  downward  motion  it  is  forced  from  the  pump- 
burel  into  the  force-pipe. 
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751,  Forcing-pump  with  air-vessels.  — In  order  to  produce  a  con- 
tinued flow  of  water  in  the  foroe-pipe,  aa  air-vessel  is  often  attaehed 
to  force-pumpa.     Such  aa  appendage  is  represented  in  Jig.  220, 


Fig.  219,  Fig,  22'X 

When  the  piston  descends,  tte  water  is  diiven  through  the  valve- 
pipe  v'  into  tie  vessel  which  is  closed  and  contains  air.  The  forces 
o  II  descends  into  this  vessel,  and  terminates  near  the  fcottom.  The 
water  which  is  forced  in  rises  in  it  to  a  certain  level,  w  v>',  fie  air 
above  it  being  compressed.  Tie  return  of  the  water  through  tlio 
Ty,lve  v'  heing  stopped,  it  is  subject  to  the  elastic  pressure  of  the 
air  confined  in  the  air-vessel  m  n.  This  pressure  forces  the  water 
through  the  tube  H  G,  from  the  top  of  which  it  issues  in  a  constant 

In  the  force  [  n  p  aa  lepre  ented  in  tt  s  &.yj.  the  upper  surface 
f  he  I  ion  s  espsed  to  the  afmosph  re  ani  djes  not  act;  the 
1p  e  surface  acts  alte  nately  bj  s  ct  o  and  p  e  sure.  When  the 
p  ton  s  d  awn  upwar  Is  t  acta  by  snot  on  and  when  the  piston  ia 
I  V  n  downwirds  t  acts  by  piess  e  Now  theie  is  no  reason  why 
til     ipper  suifiee  of  the  p  ston  m  ght  not  1  e  s  milarly  employed. 

To  accomplish  this  it  would  be  only  neoeosaiy  to  put  the  upper 
part  of  the  pump-barrel  in  communication  with,  the  suction-pipe  and 
the  force-pipe  with  proper  valves. 

This  is  accordingly  accomplished  in  some  forcing-pumps  in  which 
the  pisMu  acts  upon  the  column  in  the  force-pipe  both  in  ascending 
and  descending;  and,  consequently,  acts  continuously  without  the 
intervention  of  an  air-vessel. 

752.   The  fire'e.ngine.  —  The  fire-sngine  ia  nothing  more  than  two 

force-pumps,  worked  by  a  common  winch  or  handle,  in  a  manner 

exactly  similar    to  the    two    syringes  which   work  an    air-pump. 

The  pistons  ascend  and  descend  alternately  in  the  pump-barrels,  and 
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dri^e  a  ccntmuil  fetie'xm  of  water  into  an  air-vessel,  so  that  a  con- 
tinual jet  can  lie  pi-ojscttd  fiom  the  diacLarge  pipe 

75d  Tki  sip/ton  — A  eiphoa  la  an  apparatus  by  which  a  liquid 
can  be  decanted  from  (ne  vessel  to  anothei  without  inverting  or  other- 
wise distiubmg  th(-  position  of  tte  ves«el  fiom  which  the  liquid  is 
removed  Iiet  d,  Jig  221 ,  be  a  vessel 
conttuning  a  bquid,  and  let  B  be  the 
height  over  which  it  is  necessaij  to  con- 
duct the  hquid,  so  as  to  transfer  it  to 
the  vessel  e  a  Let  a  b  o  be  a  bent 
tube  open  at  both  end",  and  let  the  leg 
B  A  be  immersed  in  the  liquid  which  it 
13  reqnired  to  transfei  and  let  the  leg 
E  0  be  diiected  into  the  ve-isel  into  which 
the  hquid  1*)  to  be  removed.  Let  the 
ail  which  fills  the  tube  A  B  c  be  drawn 
fiom  it  ly  the  mouth  placed  at  c,  or  by 
-in  exhausting  synnge  The  liquid  in 
the  vt^el  D  will  then  bi,  forced  up  in 
the  pij-o  A  B  by  the  pressuie  of  the  atm  "spheie,  and  will  fill  the  en- 
tire tube  to  the  mouth  c  It  will  then  flow  tliiough  the  siphon,  and 
continue  to  be  discharged  at  o  so  long  as  the  level  of  the  liquid  in 
the  vessel  D  is  above  its  level  in  the  vessel  r  g. 

It  is  evident  that  the  bend  of  the  siphon  b  catinot  be  at  a  greater 
teight  above  the  level  of  the  liquid  in  d  than  corresponds  with  the 
height  of  a  column  of  the  liquid  which  the  atm(»pheric  presstire  can 
support.  Thus,  if  the  liquid  to  be  decanted  were  mercury,  the  height 
of  B  above  D  should  be  less  than  SO  iuobes}  and  if  it  were  water,  it 
must  be  less  than  34  feet. 

The  principle  of  the  aphon  is  easily  esplained.  Supposing  the 
entire  tube  to  be  filled  with  liquid,  we  have  the  column  exteuding  in 
the  siphon  from  the  leg  D  to  the  highest  point  b,  pressed  upwards  by 
the  atmosphere  actiog  upon  the  surface  d,  and  transmitted  to  it  by 
the  hquid  in  the  vessel  and  in  the  tube.  Against  this  there  is  the 
weight  of  tie  column  of  liquid  in  the  siphon,  extending  from  the  log 
D  to  the  point  B.  The  pressure  therefore  acting  at  the  point  b  to- 
wards E  is  that  of  the  atmosphere,  diminished  by  the  weight  of  a 
column  of  the  liquid,  whose  height  is  that  of  the  point  b  above  the 
surface  d. 

Now  we  have  at  the  point  e  another  pressure  opposed  to  this.  The 
atmosphere  pressing  on  the  surface  of  the  liquid  at  L  is  in  like  man- 
ner transmitted  to  the  point  b  by  means  of  the  liquid  in  the  vessel 
F  o,  and  in  the  tube ;  but  it  is  diminished  by  the  weight  of  a  column 
of  the  liquid,  whose  heieht  is  that  of  the  point  B  above  the  surface 
L.  If  the  height  of  B,  tiierefore,  above  the  surface  of  tha  liquid  in 
the  two  vessels  were  the  same,  the  liquid  at  b  would  be  pressed 
h2  371 
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equally  in  opposite  directious  by  the  common  force  of  tlie  atmosphere, 
diminished  by  the  weight  of  two  equal  columns  of  the  liquid.     But 
so  long  as  the  oolwmn  b  l  is  greater  than  the  oolume  b  d,  the  effect 
of  the  atm<»pheric  pressure  acting  irom  b  towards  d  will  be  more  di- 
Diioished  than  its  effect  acting  from  E  towards  E,  and  consequently 
the  liquid  will  flow  ia  the  latter  direction.     In  a  word,  the  liquid  will 
flow  through  the  siphon  to\Tarfs  that  vessel  in  which  its  level  is  low- 
nd  w  11  eont  nesotoflw    nil  the  levels  1  e  e  £  alize  1 
Tl  0  p  oe    a  of  eshau,  t  ng  the     jhon  ty  sic  oa  or  oil  e  w  se 
f  en  d  ffi  nit  anl  alwaj     neon  en  ent      It  may  he  av    lei  by  n 
ng  the  s  phon  and  fiU  ng     p   he  ead  of   ta  longer  leg  that  of 
he  ^ho  ■te   leg  1  e  ng  tempo  ar  ly  stopped 

The  Bphon  be  ng  once  filled  anl  9  mo  tha  plugged  it  maybe 
n  e  i  and  pi  eed  n  the  veesel  n  the  requ  red  po  on  vhen  tl\c 
pi  g   be  n^  re  novel    t      " 


Fig,  223. 

conatruoted,  as  represented  in  fig.  222., 
ing  a  suction  or  exhausting  pipe  i>  E  attached  to  it,  by  which  the 

process  is  facilitated. 

The  Wurtemberg  siphon  is  so  formed  that  Vfhen  onoe  filled  it  will 

always  remiun  so,  provided  the  waste  by  evaporation  be  supplied. 

This  instrument  is  represented  in  fig.  223. 


CHAP.  VI. 

,   TnE  BALLOON,  AND 


THE   DIVING-BELL, 


754.  The  air-gun.  —  The  air-gun  is  an  instrument  by  which  balb 
or  other  missiles  axe  projected  by  the  elastic  force  of  eompressed  air 
instead  of  tha  expansive  force  of  gunpowder. 
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A  strong  hollow  eliambei',  usually  having  tlie  form  of  a  metallic 
ball,  is  provided,  into  which  air  is  condensed  bj  means  of  a  condens- 
ing syiinge.  This  is  screwed  upon  the  gun  near  the  breach,  so  as  to 
communicate  with  the  interior  of  the  barrel  behind  the  ball,  the  pipe 
of  commnnieation  being  governed  by  a  valve  or  cook  which  is  con- 
nected ■with  the  trigger.  On  drawing  the  trigger,  the  vahe  is  opened, 
and  the  barrel  put  in  free  communication  with  the  condensed  air, 
which,  pressing  behind  the  ball,  propels  it  towards  the  mouth,  from 
which  it  is  projected  with  a  corresponding  force.  The  stock  of  the 
gun  may  contain  a  supply  of  balls,  and  be  furnished  with  a  simple 
mechaniam,  by  which  fliey  may  be  successively  transferred  to  the  bar- 
rel, so  that  the  gnu  may  be  immediately  loaded  after  each  discharge. 

755.  The  air  halloon.  —  It  has  been  esplained  in  the  last  book 
that  any  body  lighter  bulk  for  bulk  than  a  liquid  will  ascend  through 
the  iiqmd  to  its  surface.  There  is  nothing  in  the  conditions  which 
determine  this  question  which  renders  them  inapphcable  to  seriform 
fluids ;  and  it  accordingly  follows  by  the  same  reasoning,  that  if  a 
liody,  lighter  bulk  for  Dulk  than  the  atmosphere,  be  placed  in  it,  it 
will  rise  upwards,  in  the  same  mannor  and  upon  the  same  principles 
as  a  cork  would  rise  in  water. 

If  a  hollow  vessel  of  sufficient  magnitude  could  be  exhausted  by 
an  air-pump,  and  if  it  could  be  constructed  with  sufficient  strength  to 
resist  the  external  pressure  of  the  atmosphere,  and  at  the  same  time 
BO  light  that  its  entire  weight  would  be  less  than  the  weight  of  the  air 
extracted  from  it  by  the  pump,  such  a  body  would  necessarily  rise  in 
the  atmosphere,  its  weight  being  less  than  that  of  the  air  it  displaces. 
But  these  conditions  are  impracticable;  there  is  no  material  of  which 
such  a  body  could  be  constructed,  so  as  to  bo  at  the  same  time  suffi- 
ciently light  and  sufficiently  strong. 

If  a  fluid  could  be  found  lighter  bulk  for  bulk  than  air,  haying  the 
same  pressure,  thea  a  hollow  vessel  filled  with  such  a  fluid  would  ha 
subject  to  no  external  pressure  tending  to  crush  it,  and  might  be  lighter 
bulk  for  bulk  than  air,  and  under  such  circumstances  it  would  ascend 
in  the  atmosphere. 

756.  Fire  balloons.  —  The  fii-st  attempts  to  realize  these  conditions 
were  by  means  of  heated  air.  When  air  is  heated  it  expands,  and 
tulk  for  bulk  becomes  lighter  than  it  is  at  a  lower  temperature. 

If,  then,  a  lar^e  bag,  composed  of  paper  or  silk,  or  other  light  ma- 
terial, be  filled  with  heated  air,  tlie  weight  of  such  a  bag,  including  Ifa 
contents,  might  be  leas  than  its  own  bulk  of  air  in  the  natural  state, 
and  it  would  consequently  have  a  buoyancy  proportional  to  such  difier- 
euce  of  weight. 

757.  Monlgolfier' s  balloon. — The  application  of  this  priuciple 
formed  the  first  successful  attempt  in  aerostation.  In  the  year  1722, 
the  celebrated  Montgolfier,  residing  at  Annonai,  made  a  series  of  ex- 
pecimeots  which  ultimately  terminated  in  ike  formation  of  a  balloon 
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of  the  spherical  form,  containing  23,000  cubic  feet  of  tcated  air,  and 
having  suoh  a  huojancy  aa  to  be  capable  of  raising  a  gross  weight  of 
500  lbs.  This  machine  rose  in  the  atmoaphere  to  the  height  of  6000 
feet.  In  thia,  and  subsequent  similar  experiments,  the  air  within  the 
balloon  was  kept  heated  by  a  fire  which  was  lighted  holow  it,  the  bal- 
loon having  an  open  mouth  at  its  lowest  point,  through  which  the  fiamo 
of  the  fire  was  transmitted. 

758.  Hydrogen  balloons.  —  The  step  from  the  fire  balloon  to  bal- 
loons filled  with  gas,  lighter  bulk  for  bulk  than  the  atmosphere,  was 
easy  and  ohvions.  The  gas  denominated  hydrogen  was  no  sooner  dis- 
covered than,  it  was  applied  to  this  purpose. 

This  gas,  being  more  than  fourteen  times  lighter  than  atmospheric 
air,  has  considerable  buoyancy;  balloons,  accordingly,  filled  with  it, 
wonid  rise  to  a  great  height  in  the  atmosphere. 

It  has  been  already  esplained,  that  as  we  ascend  in  the  atmosphere, 
the  strata  of  air  have  lesa  and  less  density :  a  balloon,  therefore,  con- 
taining gas  whose  pressure  balances  the  lower  strata,  will,  if  it  be 
completely  filled,  have  a  tendency  to  burst  when  it  ascends  into  the 
rarer  strata ;  for  the  gas,  not  having  room  to  expand,  will  maintain  its 
original  elastic  force,  while  the  atmospheric  pressure,  being  diminished 
in  the  ascent,  will  cease  to  balance  it.  There  will  therefore  be  aburstr 
ing  ptossure  equivalent  to  the  excess  of  the  atmospheric  pressure  at 
the  lower  strata,  over  the  pressure  in  the  superior  strata  to  which  the 
balloon  ascends. 

These  effects  are  prevented  practically  by  inflating,  only  imper- 
fectly, the  balloon  at  the  moment  of  its  ascent.  When  it  rises  into 
the  superior  strata,  the  gas  accordingly  espanda,  and  the  balloou  be- 
comes comparatively  filled,  gaining  at  the  same  time  increased  buoy- 
ancy by  the  increased  expansion  of  the  gas  within  it.  If  it  a: 
a  stili  greater  height  than  that  at  which  the  inflation  1 
plete,  it  is  relieved  from  the  1:      "       * 


When  the  -b  n  ut  1  re 
by  which  h  an  d  ha  ge  a  part  of  the  g 
buoyani,y  t  the  balloon  and  when  he  requires  to  ascend,  he  is  pro- 
vided w  th  balla  t  mposed  of  sand-bags,  by  casting  out  which  he 
diminish  s  the  we  ght    f  the  balloon. 

759.  «?  nal  yag  f  Gay  Lussac  and  Bioi.  —  The  impractica- 
bility of  g  n  ng  ball  ns  in  their  course  through  the  air  has  pre- 
vented, an  i  p  hably  will  continue  to  prevent,  them  from  being  applied 
to  any  pu  p  e  i  \  maueut  or  extensive  utility.  Scientifle  voyages 
have,  h  w  be  n  jna  le  into  the  atmosphere  with  some  success,  for 
the  pTupose  of  observing,  at  great  elevations,  meteorological  pheno- 
mena. In  1804,  MM.  Gay  Lussac  and  Biot  made  an  ascent  horn 
Paris,  taking  with  them  meteorological  apparatus,  and  attained  a  height 
of  13,000  feet.    Soon  afterwards,  M.  GJay  Lussac  ascended  alone  to  a 
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linigHt  of  23,000  feet ;  and  a  lite  elevatjon  has  recentlj  Ijeen  attained 
b^  MM.  Barral  and  Bisio. 

760.  Voyage  of  Gamerin.  —  In  1807,  M.  Gfarnerm  made  a  noe- 
tui'nal  ascent,  and,  rising  with,  nnusual  rapidity,  attained  a  prodigious 
elevation.  By  some  neglect,  the  apparatus,  on  discharging  the  gas, 
became  unmanageable,  and  the  seronaut  was  obliged  to  make  an  in- 
cision in  the  balloon,  which  then  descended  with  such  rapidity  that  ha- 
was  obliged  to  counteract  its  motion,  by  casting  out  his  ballast.  The 
balloon,  in  this  way,  alternately  rose  and  sunk  for  eight  hours,  during 
which  he  experienced  the  phenomena  of  a  thunder-storm,  hy  which, 
in  fine,  he  was  driven  against  the  mountains,  and  landed  at  Mont  Tou- 
nen-8,  a  distance  of  300  miles  from  the  place  of  his  ascent. 

761.  MlempU  to  use  balloons  in  military/  operalions.  —  Attempts 
have  been  made  fn  render  balloons  useful  in  military  operations.  A 
captive  balloon  is  held  attached  to  a  cord  of  sufficient  length,  bo  that. 
ft  person  can  ascend  to  a  corresponding  height  and  obtain  a  bird's-eye 
view  of  the  enemy's  movements.  An  academy  for  the  practice  of  this 
mantenvre  was  formerly  established  at  Meudon,  near  Paris,  where  a 
corps  of  feronauts  was  (j'ained.  The  project,  however,  was  soon 
abandoned. 

762.  The  dwing-hdl. — This  machine  depends  for  its  effect  on 
the  impenetrability  which  air  enjoys  in  eommoa  with  all  material 
substances.  The  diving-bell  is  a  large  vessel  closed  at  the  sides  and 
top,  but  open  at  the  bottom,  impenetrable  to  air  and  water.  When 
pressed  with  its  mouth  downwards  into  the  water,  the  water  partially 
enteis  tho  mouth,  oompresamg  the  air  withm  it.  As  it  descends, 
this  compression  in(,reases,  and  at  a  depth  of  thirty-four  feet,  being 
equal  to  Itat  of  the  atmosphete,  the  air  included  in  the  bell  will  be 
compre'f^ed  into  half  its  volume,  and  consequently  the  bell  will  be 
half  filled  with  watei  Apparatus  is  provided  by  which  this  effect  is 
counteracted,  by  foiomg  m  an  by  means  of  a  condenser  worked  at  the 
surface,  communicating  by  a  pipe  which  descends  and  enters  the  bell 
by  being  brought  under  its  mouth.  It  is  forced  in  until  the  water  is 
brought  nearly  to  the  mouth  of  the  bell,  which  is  thus  filled  with  air 


air  included  in  the  bell  is  rendered  impure  by 
respiration,  it  is  discharged,  and  fresh  air  is  received  by  means  of  the 
condenser  and  pipe  just  mentioned.  Strong  giaas  lenses,  similar  to 
those  fixed  in  the  deck  of  a  ship,  are  set  in  the  top  of  the  bell, 
by  which  light  is  admitted  to  the  interior.  The  shape  of  the  machine 
is  generally  oblong,  with  seats  for  the  divers,  shelves  for  writing 
materials  and  other  articles  being  placed  at  the  ddes.  Messages  are 
communicated  from  the  bell  to  the  surface  above,  either  by  writing 
or  by  signals.  A  board  is  carried  in  the  bell,  on  which  a  written 
message  may  be  chalked,  and  which  is  connected  by  a  cord  with  tho 
superintendent  above. 
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When  tlio  bell  ia  of  cast-iron,  signals  are  g^ven  by  striking  it  with 
a  hammer,  which  produces  a  sound  distinctiy  audible  at  the  surface 
(if  the  water.  The  hell  is  nsnallj  suspended  by  a  crane  placed  at  the 
surface  of  tho  water,  so  that  its  petition  can  be  changed  within  certain 
Limits.  Means,  however,  are  also  provided,  by  which  the  divers  can 
emerge  from  the  hell,  and  move  about  in  the  water,  haying  dreasa 
by  which  they  are  enabled  Ui  respire  the  air  included  in  the  bell. 
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763.  Weight  with  reference  to  hulk.  —  When  substances  are  com- 
pared one  wifli  another  in  reference  to  their  weight,  one  ia  denomi- 
nated heayier  or  lighter  than  another,  without  any  special  reference 
either  to  the  bulk  or  weight  of  any  particular  quantity  of  the  sub- 
stance in  question. 

Thus,  when  we  say  cork  is  lighter"  than  oak,  and  mercury  is  hea- 
vier than  water,  we  speak  intelligibly,  although  it  be  true  that  a  par- 
ticular mass  of  cork  may  be  found  which  is  EeaYier  than  a  particular 
quantity  of  oak,  and  a  certain  mass  of  water  may  be  heavier  than  an- 
other mass  of  quicksilver.  It  is,  however,  implied  io  such  estimates, 
that  they  refer  to  equal  volumes  of  the  two  substances  which  are  tbua 
compared  as  to  weight.  When  we  say  that  cork  is  lighter  than  oak, 
we  mean  that  a  piece  of  cork  ia  lighter  than  a  piece  of  oak  of  the 
same  size ;  and  when  we  say  that  water  is  lighter  than  mercury,  we 
mean  the  observation  to  apply  to  equal  measures  of  the  two  liquids. 

A  substance  is  sometimes  said  to  be  heavy  or  light  without  ezpresa 
reference  to  any  other  substance :  thus  air  is  said  fo  be  light,  and  lead 
heavy.  A  comparison  ia,  however,  here  tacitly  implied.  It  is  meant 
that  air  is  lighter,  and  lead  heavier,  bulk  for  bulk,  than  the  average 
of  the  substances  that  fall  under  common  observation.  This  use  of 
positive  terms  to  express  comparative  qualifies  prevails  in  all  appliojw 
tioHs  of  language :  thus  we  say  of  a  certain  individual  ttat  he  ia  very 
tall,  and  of  a  certwn  house  that  it  is  very  high;  meaning  that  the 
man  is  taller  than  the  average'  of  men,  and  the  house  higher  than  the 

76i.  Jlhsohle  and  relative  teeight. — It  appears,  therefore,  that  the 
term  weight  is  used  in  two  distinct,  and  sometimes  opposite,  senses, 
A  mass  of  cork  may  be  at  once  very  light  and  very  heavy,  according 
to  the  sense  in  which  the  terms  are  used.  A  mass  of  cork  which 
weighs  twenty  tons  is  heavy  because  the  absolute  weight  is  consider^ 
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able.     It  is,  however,  in  another  sense  ligtt,  laecauso,  bulk  for  bulk, 
compared  with  mKst  other  solid  substances  with  which  we  are  familiar, 


The  absolute  weight  of  a  body  ia  that  of  its  entire  masa,  without 
any  reference  to  its  bulk ;  the  relafive  weight  ia  the  weight  of  a  given 
magnitude  of  tke  substance  compared  with  the  weight  of  the  same 
magnitude  of  other  subatancea.  The  term  weight  ia  commonly  used 
to  express  the  abaolute  weight,  while  the  relative  weight  is  called 
specific  gravity.  This  denomination  of  relatiye  weight  impliea  that 
bodies  of  different  speciea  have  different  weights  under  equal  volumes. 
Thus,  a  cubic  inch  of  cork  has  a  weight  different  from  a  cubic  inch 
of  oak  or  of  gold ;  a  cubic  inch  of  wafer  contains  a  less  weight  than 
a  cubic  inch  of  mercury. 

Each  different  species  of  body  has  a  different  weight  corresponding 
to  the  same  bulk;  and  hence  the  name  apccifio  gravity,  which  es- 
pressea  the  weight  of  a  given  bulk, 

765.  Standfird  of  speei^c  graviti/  for  solids  and  liquids. — But  as 
specific  gravity  is  a  comparative  term,  it  is  convenient  that  aome 
standard  should  be  selected  to  which  ail  substances  may  be  referred. 
Water  Las  accordingly  been  taken,  by  common  consent,  as  this  stan- 
dard for  all  bodies  in  the  solid  or  liquid  form.  If  we  say,  then,  that 
the  specific  gravity  of  quicksilver  is  ISJ,  it  is  meant  that  the  weight 
of  any  particular  measure  of  quicksilver  is  13J  fimea  greater  than 
the  weight  of  the  same  measure  of  water. 

Eut  in  adopting  water  as  a  standard,  it  is  important  to  consider 
whether  that  liquid  itself  be  not  subject  to  variation  in  its  weight. 
Now  it  wiU  be  shown,  hereafter,  that  every  change  of  temperature 
which  a  substance  undergoes  causes  a  change  in  its  volume;  and 
water  shares  in  this  universal  quality.  When  the  temperature  ia 
raised,  it  becomes  lighter :  a  pint  of  boiling  wafer  is  lighter  than  a 
pint  of  cold  water.  If  a  pint  ve^el  be  esaotly  filled  with  boiling 
water,  it  will  be  something  less  than  full  when  it  becomes  cold,  the 
water  contracting  its  dimensions  as  its  temperature  is  lowered.  In 
adopting  water,  therefore,  as  a  standard,  it  is  important  that  it  should 
be  taken  at  some  known  temperature. 

In  some  tables  of  specific  gravities,  water  is  taken  as  the  standard 
at  the  temperature  of  60°,  assumed  as  tie  average  temperature  in  our 
climate.  There  is  a  further  convenience  in  the  a^ioptiou  of  this  tem- 
perature as  that  of  the  standard,  since  it  happens  that  a  cubic  foot 
of  water  at  this  temperature  weighs,  with  great  preoision,  1000  ouucea. 
The  numbers,  therefore,  which  eapress  the  specific  gravities  of  other 
bodies  with  reference  to  this,  will  al§o  express  the  number  of  ounces 
which  are  contained  respectively  in  a  cubic  foot  of  their  dimensions. 
Thus,  if  13,580  express  the  speciflo  gravity  of  mercury,  that  of  wa- 
ter being  1,000,  then  it  will  follow  tfcit  a  cubic  foot  of  mercury,  at 
the  temperature  of  60°,  neighs  13,580  ounces. 
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Ifl  some  tables,  towever,  the  standard  temperature  of  wafer  haa 
been  taken  at  40",  for  a  reason  whicli  will  be  hereafter  explained. 

766.  Standard  for  gases.  —  Bodies  which  exist  ia  the  seriform 
state  are  so  much  lighter  than  water,  that  a  practical  inconvenience 
would  resnlt  from  tating  water  as  their  stani£ird  of  specific  gravity, 
sinoe  the  numbers  which  would  then  express  their  specific  gravities 
would  he  inconveniently  small.  The  standard  of  specific  gravity, 
therefore,  for  bodies  in  the  gaseous  or  teriform  state,  is  atmospheria 
Mr.  This  form  of  matter  being  still  more  susceptible  of  change  ia 
volume  from  change  of  temperature,  it  is  the  more  necessary  ia  fixing 
the  standai-d  that  a  certain  temperature  should  be  agreed  upon.  The 
tempevattire  selected  for  this  purpose  has  been  universally  that  of 
melting  ice,  a  point  which  ia  independent  of  tlie  arbitrary  scales  of 
thermometers  used  in  different  oountiies. 

But  as  the  weight  of  a  given  bulk  of  air  depends  not  only  on  its 
temperature,  but  also  upon  the  pressure  to  which  it  is  subject,  and 
as  this  pressure  varies  within  cerkin  limifs,  it  becomes  as  necessary 
in  fixing  the  standard  of  speoifia  gravity  to  assign  a  certain  pressure 
as  a  certain  temperature.  The  pressure  generally  selected  has  been 
that  which  the  atmosphere  has  when  the  barometer  has  the  height  of 
thirty  inches. 

It  is  therefore  to  be  understood  that  the  standard  to  which  the  spe- 
cific gravities  of  all  bodies  in  the  gaseous  form  are  referred  is  atmo- 
spheric Mr  in  a  pure  state,  at  the  tompcraturo  of  meltong  ice,  and  hav- 
ing a  pressure  of  thirty  inches  of  mercury. 

If  it  be  desired  to  determine  the  relative  weight  of  any  body  in 
the  gaseous  form  ia  relation  to  water,  it  ia  only  necessary  to  determine 
the  weight  of  atmospheric  dr  in  the  standard  state  in  reference  to 
water.  Now  it  has  been  ascertained  that  a  quantity  of  atmospheric 
air,  equal  in  volume  to  1000  grains  of  water,  will  weigh  1-22  grains ; 
and  consequently,  since  a  cubic  foot  of  water  weighs  1000  ounces,  a 
cubic  foot  of  atmospheric  air  will  weigh  1'22  oz. 


OP   SOLIDS. 

The  methods  of  determining  the  specific  gravity  of  solid  bodies 
are  difierent,  according  as  they  are  heavier  or  lighter  than  equal  vol- 
umes of  water.- 

767.  Methods  of  determining  the  specific  gravity  of  aol'ids  which 
are  heavier  than  water.  —  Let  the  solid  be  accurately  weighed,  and 
let  it  then  be  suspended  in  pure  water  and  again  accurately  weighed. 
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The  differenoe  between  the  two  weights  in  water  aud  out  of  water, 
will,  according  to  what  has  heen  explained,  be  the  weight  of  a  volume 
of  waffir  equal  ia  bulk  to  the  solid.  Let  the  weight  of  the  solid  be 
divided  by  this  weight,  and  the  quotient  will  be  the  specific  gravity 
of  the  solid,  that  of  water  being  1-000.  Thns,  for  example,  if  a 
solid  which  weighs  8  ounces,  is  found  to  weigh  only  6  ounces  being 
weighed  in  pure  water,  it  will  follow  that  the  weight  of  tie  water 
which  is  displaced,  and  which. is  equal  to  its  own  volume,  will  be  2 
ounces.  Such  a  solid,  therefore,  is  four  times  heavier  thaa  its  own 
bulk  of  water,  and  cofi^sequently  its  specific  gravity  is  4,  that  of  wa- 
ter being  1. 

In  like  manner,  if  the  weight  out  of  water  has  been  9  ounces,  the 
weight  in  water  being  7,  then  the  specific  giavity  would  be  found  by 
dividing  9  by  2,  and  would  be  4-5. 

This  method  is  not  practicable  for  solids  which  are  dissolved  when 
immeraed  in  water.  The  specific  gravities  of  such  solids  may  be 
determined  by  immersing  them  in  some  other  liquid  in  which  thoy 
are  not  soluble,  and  determining  their  specific  gravity  with  reference 
to  such  liquid. 

The  specific  gravity  of  this  liquid  being  then  determined  in  rela- 
tion to  water  by  the  methods  which  will  be  explained  hereafter,  tho 
specifle  gravity  of  the  solid  in  relation  to  water  will  be  known.  Thus, 
for  example,  if  the  solid  in  question  be  five  times  heavier  than  the 
liquid  in  which  it  is  immersed,  and  in  which  it  is  not  soluble,  and 
this  liquid  he  itself  twice  as  heavy  as  water,  then  it  is  clear  that  the 
solid  wiU  be  ten  times  the  weight  of  its  own  hulk  of  water,  and  its 
specific  gravity  would  accordingly  be  10. 

Such  solids  may,  however,  be  sometimes  measured  in  water  by 
coating  them  with  a  varnish  not  afiected  by  water.  The  specific 
gi-avities  of  salts  and  like  substances  may  thus  be  found. 

This  method  is  subject  to  a  slight  error,  owing  to  the  increased 
volume  produced  by  the  coating,  and  therefore  is  not  admissible 
whore  extreme  accuracy  is  necessary. 

If  the  solid  consists  of  many  minute  pieces,  or  be  in  form  of  a 
powder,  a  cup  to  receive  it  ought  to  be  previously  suspended  in  wafer 
and  accurately  counterpoised. 

768.  Methods  of  determining  the  specific  gravities  of  solids  which 
are  lighter  than  water. — Let  the  solid  be  first  correctly  weighed,  and 
then  attached  to  another  solid  also  accurately  weighed,  and  which  is 
so  much  heavier  than  water  that  the  two  solids  connected  may  sink. 
Let  the  weight  which  they  lose  by  immersion  be  noticed.  This  wiU 
be  the  weight  of  as  much  water  as  is  equal  in  bulk  to  the  two  solids 
talten  together.  Let  the  heavier  solid  be  then  immersed,  and  let  the 
weight  it  loses  be  ascertained.  If  tMa  loss  of  weight  be  subtracted 
from  the  loss  sustained  by  the  combined  solids,  the  remainder  will  be 
the  wwght  of  as  much  water  aa  is  equal  in  bulk  to  the  lighter  solid. 
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The  ratio  of  tte  weigtt  of  the  latter  solid  to  this  will  determine  ita 
specific  gravity. 

Th  IS  for  example  let  the  weight  of  the  li^-hter  solid  he  3  ounces, 
d  th  t   f  th    h  1  d  15  L  t  th    w  ght  which  the 

t       t  geth      1  ae  wh  Vm       d      w  t     b    0  and  let  the 

w     ht  wh  h  th    h    -n       1        1         wh       mm       d  !  e  1  ounce, 
fe  th        both  t  g  th      1        by    mm  ri        5  s,  and  the 

h    Ti       1       1  se   by  mm    a      1  th    w  i,lit    f  water  equal 

in  1    Ik  to  th       mb     d     1  m     w  11  1     5  wh  1   the  weight 

f  w  t       q    1      b  Ik  t    th    h  1  1 

Th  w  i^ht  f  w  t  th  f  wh  Ii  q  il  1  ulk  to  the 
light"  1 1    4  B  t  th    w     bt    f  th    1   ht     solid  itself 

:i  th     f       t  w  U  w     h  th       q      t        f   f     wn  volume 

f  w  t  d  q       It    t     p    fi   g   vity        t  b   I,  or  0-75 ; 

d  ly  wh  t  hi9  b       {  Ij     plai    d  b     f    t  of  such  a 

Idw    Idw     h      0 

Th  I  fi  gr  ty  f  1  d  1  ghte  than  w  t  my  also  be  de- 
termined by  observing  the  magnitude  of  the  part  immersed  when  it 
floats;  for  when  it  floats,  according  to  what  has  beea  proved,  it  dis- 
plaoes  as  much  water  as  is  equal  to  its  own  weight;  consequently, 
the  solid  will  be  just  so  much  lighter,  bulk  for  bulk,  than  water,  as 
the  part  of  its  volume  immersci  when  it  fl.oat3  J3  less  than  its  entaie 
volume.  If,  therefore,  we  divide  the  pait  immeiscd  by  its  entire 
volume,  we  shall  obtain  a  fraction  which  will  ezpiess  its  spevifio 
gravity. 

Thus,  for  esamplo,  if  a  plea,  of  wond  floitmg  on  witer  has  half 
its  volume  immersed,  then  it  follows  that  the  specific  gravity  of  the 
wood  will  bo  0-5. 


OP  IIQUIDS. 

769.  Methods  of  determining  the  specijic  gravity  of  liquids. — To 
determine  the  specific  gravity  of  a  liquid,  let  any  solid  be  scleoted 
which  is  heavier,  bulk  for  bulk,  than  the  liquid  and  than  water,  and 
let  the  loss  of  weight  it  suffers  by  being  immersed  in  the  one  and  in 
the  other  be  ascertained.  This  loss  wiil  be  the  weight  of  so  much  of 
the  liquid  a,nd  of  so  much  water  as  is  equal  to  the  bulk  of  the  solid. 
If,  then,  the  loss  of  weight  sustained  by  the  solid  in  the  liquid  be 
divided  by  the  loss  of  weight  it  sustains  in  water,  the  quotient  wiU 
be  the  specific  gravity  of  the  liquid. 

EoTflexample,  let  a  piece  of  glass  immersed  in  sulphuric  acid  loaa 
381 
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3,700  grains  of  its  weight,  and  let  tlie  same  piece  of  glass  immerBfid 
in  water  lose  2,000  grains.  It  follows,  therefore,  that  tie  wei|ht  of 
sulplmric  acid  will  be  the  weight  of  an  equal  bulk  of  wa,ter  in  the 
ratio  of  37  to  20,  or  |J=1'85  to  1.  If  1,000,  therefore,  esprraa  the 
specific  gravity  of  water,  1,850  will  express  the  specific  gravity  of 
sulphuric  acid. 

The  epeoiiio  gravity  of  a  liquid  may  also  be  found  by  means  of  a 
solid  which  is  lighter  bulk  for  bulk  than  the  liquid  and  water.  Let 
such  a  solid  be  successively  floated  on  the  liquid  aud  on  water,  aad 
let  the  magnitudes  of  tte  parts  immersed  be  observed.  These  mag- 
nitudes will  be  the  volumes  of  the  liquid  and  of  water  which  are  equal 
in  weight  to  the  solid,  and,  consequently,  the  specific  gravity  of  the 
liquid  will  be  found  by  dividing  the  part  of  the  solid  which  is  im- 
mersed when  it  floats  in  water  by  the  part  immersed  when  it  floats  in 
the  liquid. 

For  example,  if,  the  same  solid,  floated  successively  on  water  and 
muriatic  acid,  have  the  parts  immersed  in  the  proportion  of  12  to  10, 
then  the  weight  of  muriatic  acid  will  be  to  the  weight  of  an  equal 
bulk  of  water  as  12  to  10,  and  consequently  the  specific  gravity  of 
muriatio  acid  will  be  1-200,  that  of  water  being  1-000. 

The  specific  gravity  of  liquids  may  also  be  aseertaincd  by  provid- 
ing a  floating  body,  which  omi  be  loaded  until  a  certain  known  ma,g 
nitudo  of  it  shall  be  immersed.  A  float  provided  with  a  small  diSi 
or  cup  at  its  upper  part,  in  which  known  weights  may  be  placed, 
serves  this  purpose.  If  such  a  float  be  placed  successively  on  tlie 
liquid  whose  specific  gravity  is  to  be  ascertained,  and  on  water,  and 
be  so  loaded  aa  to  have  equal  parts  immersed  in  both,  then  the  two 
weights  of  the  float  will  be  the  weights  of  the  quantities  of  the  liquid 
and  of  water  which  it  displaces. 

These  weights  will  therefore  be  in  the  proportion  of  the  specific  gra- 
vities ;  and  the  specific  gravity  of  the  liquid  may  be  ascertained  by 
dividing  the  weight  of  the  float  in  the  liquid  by  the  weight  of  tho  float 
in  the  water. 

Thus,  for  esamplc,  if  the  weight  of  float,  when  immersed  in  water, 
be  2,000  grains,  while  its  weight,  when  immersed  in  sulphuric  acid, 
ifi'3,700  gctuns,  the  immersion  being  tbe  same,  then  the  specific  gra^ 
vity  will  be  ascertained  by  dividing  3,700  by  2,000,  which  will  give 
as  the  result  1-850. 

The  most  direct  method,  however,  of  determining  the  apeciflc  gra- 
vity of  a  liquid  is  to  provide  a  vessel  of  known  capacity,  such  as  a 
cubic  inch,  for  example,  and  of  known  weight.  Let  such  a  vessel  be 
filled  with  pure  water,  and  weighed ;  and  then  filled  with  the  liquid 
whose  specific  gravity  is  to  be  ascertained,  and  weighed.  If  the 
weight  of  the  empty  vessel  be  subtracted,  in  each  case  the  remainder 
will  be  the  weight  of  the  contents,  and  the  comparison  of  these 
weights  will  give,  as  already  esplained,  the  specific  gravity. 

882     o|c 
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GEAVITY   OS   GASES. 

770.  Methods  of  determining  the  specific  gravity  of  gases. — The 
epeciflc  gravity  of  gases  ia  determined,  as  tas  been  already  explained, 
by  comparing  their  weights  with  the  weight  of  an  equal  vohime  of 
pure  atmospheric  air  at  a  given  temperature  and  pressure.  A  flask 
of  known  capacity  is  first  exhausted  by  means  of  the  air-pump,  and 
then  weighed.  This  flask  ia  then  filled  with  the  gaa  whose  specifio 
gravity  is  to  be  ascertained,  and  again  weighed.  The  difference  be- 
tween the  weights  in.  the  two  cases  will  be  the  wciglit  of  so  much  of 
the  gas  as  fills  the  flask.  The  weight  of  atmospheric  air  itself  can  be 
similarly  ascertained,  and  if  the  weight  of  the  gaa  be  diTided  by  the 
weight  of  the  same  volume  of  atmospheric  air,  the  quotient  wiU  ex- 
press the  specific  gravity  of  the  gaa  in  relation  fo  atmospheric  air. 

It  must  be  observed  tbat  in  such  au  experiment  the  gas  must  be 
taken  at  known  pressures  and  temperatures,  ainee  the  specific  gravi- 
ties of  gases,  from  their  susceptibility  of  change  of  density  by  temper- 
ature and  pressure,  are  much  more  liable  to  vary  fban  those  of  soBda. 
The  specific  gravity,  therefore,  of  gasea  in  general,  is  determined  at 
the  standard  temperature  of  melting  ice,  and  under  the  standard  pres- 
sure of  30  inches  of  mercury. 


INSTRUMENTS   FOP    DET1ES£:^I^&   'PECIriC   GRAVITY. 

The  instruments  f  i  deteimimng  specific  gravity  are  the  hydrostatic 
balance,  a  flask  or  measure  of  known  cipii.ity,  and  various  forma  of 
floating  instalments  cilled  hylrometer^ 

771.  The  hydrostatic  balance  — This  instrument  consists  of  an 
ordinary  balance,  as  represented  in^g  224  ,  to  mounted  as  to  supply 
convenient  means  of  weighmg  bodi  s  in  and  out  of  liquids.  The 
beam  and  scales  n  6  c  rf  are  supported  above  a  stage  G  H,  below  which 
vessels  x  Y  to  receive  the  liquid  are  plated  The  solids  are  first  placed 
in  the  scales,  and  weighed.  They  are  then  attached  to  hooks  connected 
with  the  bottoms  of  the  scales,  and  weighed  ia  the  liquids,  so  that 
the  losses  of  the  weight  in  the  liquid  can  be  determined. 

Glass  jiask.  —  A  glass  flask,  with  an  accurately  ground  glass  stop- 
per, serves  the  purpose  of  a  measure  for  the  determination  of  speo^i  , 
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gravitiaa.     The  quantity  of  liquid  whioli  it  oontajHS   ■ftten 

fllled,  is  easily  ascertained;  and  wboie  ei.tii,ine  ai.cmacy  is  reqwred, 

the  flask  most  be  reduced  to  a  standiid  fempeuture 


Fig.2U. 

772.  Hydrometers. — Vai'ious  tonus  of  instruments  tliua  desig- 
nated hare  been  inTeuted  for  ascei-taining  the  specific  gravity  of  liquids 
for  the  common  purposes  of  commerce.  Their  indications  depend 
upon,  the  fact  that  a  body,  when  it  floats  in  a  liquid,  displaces  a  quan- 
tity of  liquid  equal  to  its  own  weight.  The  accuracy  of  these  indi- 
cations depends  upon  giving  them  such  a  shape  that  the  part  of  them 
which  meets  the  surface  of  the  liquid  iu  which  they  float  is  a  narrow 
stem,  of  which  even  a  considerable  length  displaces  but  a  very  small 
weight  of  the  liquid.  Thus,  any  error  in  observing  the  immersion 
produces  hut  a  slight  effect  upon  the  result. 

773.  Si/kes's  hydrometer.  —  This  insti'ument  is  represented  in^g'. 
22§.  It  oonsiata  of  a  brass  ball  g,  the  diameter  of  which  is  1-6  inch, 
into  which  a  conical  stem  o  d,  terminating  in  a  pear-shaped  bulb,  is 
inserted,  and  which  is  so  loaded  that,  being  heavjer  than  the  rest  of 
tie  instrument,  the  graduated  stem  b  a  will  always  remain  upper- 
most and  vertical.  The  instrument  is  provided  with  sliding  weights 
w,  which  will  cause  it  to  sick  more  or  less  in  the  liqnid.    In  using 
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the  initrumpnt  to  aaccrtam  the  specific  grayity  of  Bpirita,  it  ia  first 
plunged  m  the  hquid,  so  as  to  he  wetted  to  flie  highest  de^ee  on  the 
■itale  and  is  then  allowed  to  rise  and  settle  in  equilibnum.  The 
Ji'giee  upon  thi>  scale  at  the  surface  of  the  liquid  indicates  the  mag- 
nitudp  immLrscd  ani  by  the  aid  of  tables  and  a  thermometer,  by 
whiih  the  tcmpeiaturo  of  the  spirits  is  observed,  the  specific  gravity 
n  computed 

.  .  _  774  JV^chohon's  hydromeier. — This  instrument  is 
represented  in  fig.  226.,  and  is  similar  in  principle  to. the 
last,  but  iS  provided  with  a  dish  a  b,  which  is  loaded 
until  the  instrument  ia  made  to  sink  to  a  standard  point, 
maiked  about  the  middle  of  the  stem  at  y.  The  instru- 
ment IS  «o  constructed  that  the  weight  of  a  quantity  of 
listilled  water  at  60°,  equal  in  volume  to  the  part  of  the 
insti-ument  below  the  standatd  point,  will  be  equal  to  the 
weight  of  the  instrument,  together  with  1000  grains. 

To  find  the  specific  gravity  of  any  other  liquid,  let  the 
instrument  ftoat  upon  it,  and  let  weights  be  put  in  the 
diah  AB  until  the  standard  mark  on  the  Bt«m  is  brought 
Fig.  326.  to  the  surface  of  the  liquid.  The  weight  of  the  instru- 
ment, together  with  the  weight  in  the  dish,  will  then  ex- 
press the  weight  of  tie  liquid  which  the  instrument  displaces.  Thus 
the  weight  of  equal  bulks  of  the  liquid  and  distilled  water  at  tte  tem- 
perature of  60°  will  be  ascertained,  and  the  specific  gravity  of  the 
liquid  may  be  thence  inferred. 

775.  Specific  gravity  indicates  other  importrmt  qualities.  —  The 
power  of  determining  the  specitio  gravity  of  bodies  often  supplies  the 
means  of  detecting  other  qualities,  and  sometimes  of  indicating  their 
component  parts,  when  they  are  formed  of  different  constituents. 
Thus  spirits,  used  in  commerce  and  domestic  economy,  are  a  mixture 
of  pure  alcohol  with  other  bodies,  of  which  water  is  the  principal. 
The  value,  therefore,  of  the  liquid  depends  upon  the  proportion  of  pure 
alcohol  which  it  contains,  and  this  portion  is  indicated  by  its  specific 
gravity.  In  like  manner,  the  precious  metals,  whether  applied  to  use- 
ful or  ornamental  purposes,  are  generally  alloyed  with  others  of  a 
baser  species,  the  presence  and  quantity  of  which  would  be  determined 
by  thdr  specific  gravities. 

The  first  attempt  to  apply  the  buoyancy  of  solids  to  the  detection 
of  their  component  parts,  is  attributed  to  Archimedes.  It  ia  related 
that  Hiero,  king  of  Syracuse,  having  bought  a  crown  of  gold,  desired 
to  know  whether  the  article  were  of  pore  metal;  and  as  the  work- 
manship was  costly,  he  desired  to  accomplish  this  without  defacing  it. 
The  problem  was  referred  to  Archimedra.  The  philosopher,  while 
meditating  on  the  solution  of  it,  was  bathing.  He  refiected  on  the 
buoyancy  of  his  own  body  in  the  water,  and  then  reasoned  npbn  the 
general  efiects  produced  on  the  weights  of  solids  by  immersion.  The 
33  _,385 
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whole  train  of  reasoning,  whiot  haa  been  developed  in  the  preceding 
chapters,  passed  thronglj  his  mind.  He  perceived  that  by  ascertain- 
ing the  degree  of  hnoyancy  which  the  crown  would  exhibit  when  im- 
mersed in  water,  he  could  ascertain  if  it  were  pure  gold.  It  was  on 
this  occasion  that  he  rushed  forth  in  a  transport  of  joy,  esclaimicg 
"  Eureka  1  Eureka!" 


776.  Standards  adopted  in  different  tables.  —  Various  investiga- 
tions  have  been  made  in  different  countries,  and  by  different  experi- 
mental enquirers,  with  a  view  to  determine  and  record  with  precision 
the  specific  gravities  of  bodies.  The  standard  substances  invariably 
adopted,  have  been  water  for  solids  and  liquids,  and  atmosphetio  air 
for  gases.  But  these  standards  have  differed  one  from  another  in 
some  particulars.  Thus,  some  tables  of  specific  gravities  have  been 
calculated  with  reference  to  the  specific  gravity  of  water  at  the  tem- 
perature of  melting  ice ;  some  at  the  temperature  which  determines 
the  masimum  density;  a  eondilion  which  will  he  explained  here- 
after. This  latter  temperature  is  taken  at  4°  of  the  centigrade  ther- 
mometer, which  is  equal  to  39-2°  of  Fahrenheit's  tiermometer.  The 
standard  temperature  has  been  in  some  cases  taken  at  62°  Fahrenheit. 

Similar  varieties  have  prevailed  with  respect  to  the  standard  tem- 
perature of  atmospheric  air,  in  which  however,  also,  a  standard  pres- 
sure must  be  adopted.  In  some  esperimenta,  the  standard  adopted 
has  been  pure  dry  air,  at  the  temperature  of  60°,  the  barometer  stand- 
ing at  30  inches. 

Whatever  be  the  standard  adopted  in  the  one  or  the  other  class  of 
specific  gravities,  such  tables  can  be  rendered  the  means  of  determin- 
ing, not  only  the  absolute  weights  of  ^ven  volumes,  but  the  absolute 
volumes  of  given  weights  of  the  bodies  registered  in  them,  provided 
that  the  absolute  weight  of  a  ^ven  volume  of  the  standard,  whatever 
it  be,  be  known. 

It  is  therefore  impoi-tant  to  indicate  the  weights  of  these  standards. 

777.  WcigJtt  of  a  cubic  inch  of  water  under  standard  conditions. 
—  It  has  been  ascertained  that  one  cubic  inch  of  water  at  the  tem- 
perature of  62°,  weighs  252'458  grains.  It  follows  from  this,  that  a 
cubic  foot  of  water  under  these  conditions  will  weigh  997'125  ounces. 

It  appears  from  the  experiments  of  Despretz,  that  between  the  tem- 
perature of  greatest  density  and  62°,  the  specific  gravity  of  water  dif- 
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fera  only  by  one  part  in  a  thousand ;  and,  consequently,  tlie  weiglit  of 
a  cubic  foot  of  water  at  fid-^"  would  be  998-125  ounces. 

For  purposes,  therefore,  where  the  moat  esti^me  accuracy  is  not 
necessary,  it  may  be  aasumnd,  oa  a  couvenient  ataadard  of  calculation, 
that  a.  cubic  foot  of  water  weighs  1000  ounces. 

It  haa  been  ascertained  by  recent  especimcnts,  that  dry  atmogpheric 
air  at  32°  temperature,  the  barometer  stauding  at  30 inches,  is  773'28 
times  lighter  than  water. 

778.  WeigU  of  a  cubic  foot  of  air  under  standard  conditions. — ■ 
We  shall  find,  therefore,  the  weight  of  a  cubic  foot  of  tiir  at  this  tem- 
perature and  pressure,  by  dividing  the  number  of  ounces  in  a  cubio 
foot  of  water  by  773-28.  It  consequently  follows,  that  a  cubic  foot 
of  air  at  this  temperature  and  pressure  will  weigh  1*291  ounces,  or 
5  54  8  grains. 

Since  the  weight  of  a  cubic  foot  of  water  is  .1000  ounces,  it  follows 
that  if  the  specific  gravity  of  water  be  expressed  by  1000,  the  num- 
bers which  eipress  the  specific  grayilies  of  all  other  liquids  and  solids, 
will  also  express  the  number  of  ounces  contained  in  a  cubio  foot  of 
their  dimensions.  Thus,  &e  specific  grayity  of  gold  being  19,360,  it 
follows  that  a  cubio  foot  of  gold  will  weigh  19,360  ounces. 

By  the  tables  of  specific  gravities,  the  volume  of  any  proposed 
weight  of  a  body  can  be  readily  calculated,  for  it  is  only  accessary  to 
divide  the  numbei:  expressing  the  weight  in  ouncM  by  the  number 
espressing  the  specific  gravity,  omitting  the  decimal  point;  the  quo- 
tient will  esprese  the  number  of  cubic  feet  in  the  Tolume.  Thus,  for 
example,  if  it  be  desired  to  ascertain  the  hulk  of  a  ton  weight  of  gold, 
it  is  only  necessary  to  reduce  the  ton  weight  to  ounces,  and  to  divide 
the  number  of  ounces  by  19,360,  and  the  quotient  will  be  the  num- 
ber of  cubic  feet  in  the  ton  weight. 

These  methods  of  calculation  ■mill  be  applicable  to  all  tables  of 
specific;  gravities,  composed  with  reference  to  water  as  a  standard. 

If  it  be  desired  to  find  the  absolute  weight  of  a  cubic  foot  of  any 
of  the  gases  or  vapours,  whose  specific  gravities  are  referred  to  atmo- 
spheric air  as  a  standard,  it  is  only  necessary  to  multiply  the  number 
espressing  their  specific  gravity  by  554-8;  the  result  will  express  in 
grains  the  weight  of  a  cubic  foot  of  the  gas  or  vapour. 

If  it  be  desired  to  fiud  the  volume  of  any  gas  or  vapour  which 
shall  have  a  given  weight,  let  the  weight  of  a  cubic  foot  be  first 
ascertained  by  the  proceding  rule,  and  let  this  weight  be  then  divided 
into  the  proposed  weight,  the  quotient  will  be  the  volume  in  cubio 
feet. 

The  following  tables  of  specific  gravities,  taken  from  the  AnnuMre 
of  the  French  Board  of  Longitude  tor  1850,  contain  the  most  exten- 
sive, recent,  and  correct  results  of  experiments  on  the  specific  gravities 
of  bodies. 
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SPECIFIC  GRAVITY. 


TABLE   I. 
779.  Specieio   Gravitie3  as  G-ases  at  32°  Fahr.;  Barom. 


Bpeciflc 

Spfdflc 

Ocarityby 

Olisni-yras. 

CslcBlatlon. 

Air.... 

1000 

Oxygen 

1  109 

Dumn^  Btius^ng. 

Hydrogen 

OObSl 

Id.         Ifl. 

0  555 

0-569 

Thomson. 

Methyle 

0.490 

Hydrogen    bwarburetted   (ole- 

tiaot  gaa) 

0  97S 

0-9B0 

Til.  de  Sauasnre, 

lO^-O 

1-960 

Faraday. 

phoaphoretted 

1214 

1-193 

Dumas. 

arsemuretted 

2  605 

2-695 

Id. 

Chlorina 

2  470 

Gay  Lussao,  Then. 

Oxide  of  oUorme  or  hypooMono 

sold 

2  340 

Hypoohlorous  aoid  of  Balatd 

2  980 

Nitrogen 

0  972 

Duma^i   Bcu^'Bing 

Protoiiie  of  nihtgen 

1520 

1525 

Cohn 

DoutoKide  of  nitrogen 

lOSbO 

Berord 

Cyanogen 

190b 

1818 

Gay  Laaaao 

211b 

Id 

0  596 

0  591 

Plot  Aiago 

Carbonic  oxide 

0  917 

CiuiLshanlc 

Carbomo  aoid 

UuunB   BouBBing 

Chloro-carbome  aoid 

Sulphuroaa  aaid 

22ii 

Thenard 

Aeid,  ohlocolirtlno 

1247 

12b0 

B  ot  Ar  igo 

biomoliyilrn! 

2  "31 

iodohyilrio 

4  443 

4  830 

Gay  Laasae 

sulphohydrio 

1191 

QayLuasat  Then 

selenohyduc 

2  79j 

Bineau 

—  tellurohyiino 

4  4» 

11 

flnoboiocic 

2  371 

John  Davj 

fluoailicic 

8  678 

li 

-^  ohloroboitujie 

>i420 

Dumas 

Moiioh)(Ir<vte  of  methjle 

1617 

IfOL 

Diimis  Peljgot 

Cliloroliydiate  ot    dj 

1781 

1737 

n          Ll 

Pluobjdrite  of       do 

llSti 

1170 

IJ            Id 

<Ktoi..,Coo^lf 


TABLES  OP  SFECmC  GRAVITY. 


TABLE    II. 


780.  Specific  Gkavities  op  Vapours  heduced  by  calculation 
TO  32°  Fahr.;  and  Barometer  30  ihches. 


4r  tnio 

-  anhfdroua  sulphuric 

-  selemoug 

■ — -^  Ijpo  nitrous 

Hitno  quadnlijdrated 

5  ellow  chloride  of  sulphur 
Pel  do   of  do 

oohloiide  of  phosphorus 
tbknde  of  arsemo 

Iodide  of  araenio 

ProtoeMoride  of  mercurj 

Bichloride  of  mereory 

Protobromide  of  mercury 

Deutobromide  of  meroury 

Deatiodide  of  mercury 

Sulpliuret  of  mercury  (cinna- 

Protochloride  of  antimony 

Protochloride  of  bismuth 

Perosichloride  of  chromium... 

Bichloride  of  tin 

Solid  chloride  of  cyanogen.... 

Bromide  of  cyanogen 

Chloride  of  wlieon 

"         se  of  turpentine 

le  or  benzol 

Naphthaline 

Liqueur  des  Hollandais 

Sulphuret  of  oarhon 

Alcohol 


1000 
5540 
8  716 
6  617 
4120 

10  600 
6  976 

13  850 


10-3bO 
6-970 

13.300 
2760 


6-500 
7-800 
IMOO 


5'a68 
2-7.70 


2-644 
1-6133 
2-5860 


5  40) 
10  9S0 
5  500 


M  tscherl  ch 

Damaa 

'Uitsoherlioh 


J  cqielain 
Bneau  11  alter. 
Dumas 


M   schcrl  ell. 
Duiuaa 
Gay  LuBsac. 
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Wood-spuit 

Sulphate  of  metijle 

Acetate  of  do 

Potato  oil 

Acetone 

Meccaptau ■ 

Aldehyde 

Essence  of  bitter  tilmonib... 

Hydraretof  salicyla 

Essence  of  o' 


Add, 


-  ofov 


■  ■salerianio 

oyanhjdrio  (Prns! 

Kiikodyle 

Ojide  of  kafcodyle 

Cyanuret  of  kafeodjle.. 
ChloridB  of  kakodyla... 
Water 


1-120 
4'565 
2-&68 
8'147 
2019 


5-200 
2-770 
4-270. 
8-680 
0-947 
7-100 


2020 
3-160 
1'580 


4-540 
4-800 
0-6240 


Dumas, 

Id. 
Buusen. 

■Wohler,  Liebig. 

Dumas,  Pellgot 
Gevi).  Cahours. 
Dumas, 
M. 


TABLE  III. 
781.  Specific  Gravity  of  Liquids  at  S9'2°  Fahr. 


Water,  distilkd 

1000 

Etlier 

715 

Bromine. 

2  066 

hydrochloric 

874 

Rb8 

Acid,  sulphuric,  moat  oonoen 

Wood  spirit 

798 

813 

hyposulphuiio 

1347 

Acetone 

793 

1451 

Meroaptan 

840 

quadnhyd  mtijo 

Esaence  of  turpentine 

847 

hypomtdc 

1451 

AMaiyde 

7S)0 

ooncentratod  liquid   hj 

Essenue  of  bittei  almonds 

104J 

drochlojii! 

1208 

Oil  of  9pu?8ea 

1173 

acetic  monohj  diate 

Essence  of  cumio 

•iOO 

■ acetio,  gieatrat  denailj 

1070 

1010 

Sea  water 

1026 

— —  eyonhydno  (Prussio) 

Milk 

1030 

Sulphuret  of  carbon 

Wine   Bordeaux 

994 

Protoehloride  of  sulphui 

1680 

79:j 

OliTe  oil 

915 

Do.,  greate-t  Uenaity  (byd  de 

NaphBia 

847 

Rudbeig) 
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TABLES  OF  SPECIFIC  GRAVITY. 

TABLE  IV. 
782.  Specific  G-eavity  of  Solids  at   W-2 
783.  Simple  Bodies. 


K_. 

SpeclBn 

OhEsrycrs. 

4'948 
2'083 
4-800 
1-770 
6'670 
8.530 
3-500 
2-500 
-865 
■972 
8-010 

7 '200 
7-810 
7-100 
8-690 
7-291 
7-812 
8-279 
8-669 
B-600 
17-SOO 
5-900 
6-720 
5-800 
6-240 
9-000 
a-822 
11-850 
8-850 
8-960 
18-698 
10-000? 
18-680 
11-800 
11-800 
11-000? 
10-470 
19-360 
19-260 
21-530 
22-060 
21-800 
23  to  26 

Gay  Lussao. 

Herapatli.. 

Gay  Lussac,  Then. 
Id.          Id. 

Frferes  d'Ectujart, 
Bucboh. 

Childveii, 

Hai-B. 
Breitianpt 

ralladinm 
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SPECIFIC  GRAVITY. 
784.  Binary  Compounds. 


{Quartz  hyalin 
Agate 
Opa\  (ail.  hyd.) 

. hydrated  boraoio  (aasaoline)... 


8-000 
2'100 
1-520 


7-250 
7-200 
6-648 


Chloride  of  ciilomm 

Fluoride  of  colcium  (fluor  spar) 

Chloride  of  liarinm , 

Chloride  of  potassium 

Iodide  of  poUasium 

Chlorido  of  sodium 

H  jdroohlorate  of  ammonia  (sal.  amm 

{Corundam,  sapphire,  and 
entttl ruby 
Emery 

AoiJ,  araaniouB 

Protoxide  of  andmony 

Sulphuret  of  antimony 

Oside  of  ailver 

Sulphnret  of  silTer 

Chloride  of  siher  (east) 

Iodide  of  silver  (cast) 

Deutoxide  of  mercury 11-000 

Protoohloride  of  mercury 7-140 

Bichloride  of  mercury 5-420 

Deutiodide  of  mercury 6-820 

Protiodide  of  mavcuvy ', 7-750 

Blsnlphuret  of  mercury 8-124 

Oiide  of  bismuth 

Sulphuretof  bismuth 

Sulphuret  of  molybdeuum  , 

Acid,  tungstio 

Pvotoside  of  copper 

Deutoside  of  copper 

ProtflSnlphuret  of  copper 

Deutoxide  of  tin 6-700 

Protosulpbnret  of  tin 5-207 

Bisuiphuret  of  tin 4-*15 

Protoxide  of  lead  (oaat) 

Peroiide  of  lead 

Iodide  of  lead 

Seleniuret  of  lead 

Sulphnret  of  lead  (Galena)  

OKJde  of  line 

Sulphnret  of  lino  (blende) , 

*  M.  Inaicatas  tUo  numbers  talWQ  ftoin  tl»  "  TraiE6  do  M11161 
mean  has  geuerslly  been  taken. 


2  615 
2  250 
1-180 
8-150 
2-2B0 


TABLES  OF  SPECIFIC  GRAVITY. 


..... 

Specific 
Oravily. 

Obsoryeis, 

5-225 
6-400 

5-O00 
4'840 
4-620 
4'4g0 
4-810 
4-722 
3'950 
4-250 

Boullay, 
Id. 

M. 
M. 
M. 

Boullay. 

M. 
M. 

M. 
M. 

rBiBulphurctofiron 

785.   Simple  Sails. 


"■»»•' »-)i',l"J.'jr.::::;: 

Carbonate  of  magnesia  (giobertite)... 

Carbonate  of  iron  (iron  epar) 

Carboimte  of  maugnneee 

Carbonate  of  ziuc 

Carbonate  of  baryta. 

Carbonate  of  Btroalia , 

Cfirbonate  of  lead  (white  lead) 

Sulphate  of  baryta  (heaiy  spar) , 

Sulphate  of  stroutia  (oelestice) 

gulplmte  of  lead 

Sulphate  of  silier 

s„ipi......tii„.|^;JjM'';:;;::;:: 

Sulphate  of  potassa. 

Anhydrous  sulphate  of  soda 

Chromate  of  potassa 

Chromate  of  lead  (native) 

^Nitrate  of  potassa. 

tlitrate  of  baryta 

Nitrate  of  strontia 

Nitrate  of  lead 

Moljbdate  of  lead... 

'.I'ungstate  of  lead 

TuDgstate  of  lime 

Aluminate  of  magnesia (Spinelli) .... 

Aluminate  of  zino  (spinel.  lino.)  .... 

Silicate  of  lireonia,  (liroon) 

Borate  of  magnesia  (Bovaoite) 
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SPECIFIC  GRAVITY. 
786.   Compound  Minerals. 


»_ 

Speciflo 
GmvitJ. 

Objemra. 

Emorald 

2-700 

11. 

f3'350 

M. 

to 
U-240 

M. 

Mesjtype 

^2.0 

M 

1  3  000 

M 

Icioera^e 

to 

3  400 

M 

^"00 

M 

Ijjiclote 

3iOO 

M 

Triphane 

Blf^O 

M 

Chihaaite 

2  700 

M 

Amphigene 

J  450 

M 

(  0. those 

l'2  4TO 

M 

Fell  spar  J 

]     to 

iAlbite 

{  2  f.00 

M 

fetilbite 

2  1b0 

M 

Tourmaline 

3  400 

in 

Aimito 

3  210 

M 

Lazulite 

2rf00 

M 

Ilvaif  (Lievnte) 

4  000 

M 

3  400 

M 

Cry«otale 

2  1nO 

M 

Peridot 

8400 

M 

SerpcntiDO 

2  470 

M 

Steatite 

2800 

M 

Mngnesit*  (6oume  de  mer) 

2  500 

M 

Pjrosene  j  Hedenbergite 

3  800 
8150 

M 

M 

Hypetstene 

3o»0 

M 

A"P— Sa— • 

8  0U0 

2  MO 

ai 

M 

Dolomite 

2S00 

M 

Malachite 

8  500 

M 

Streaked  copper 

5  im 

M 

Toppei  pjntea 

4ifn 

■\I 

Red  silver 

dROO 

11 

Bournonite 

M 

f4JiO 

M 

Grej  copper 

to 

( ^  noo 

M 

Grey  nickel 

t  1011 

M 

Giey  i-obfllt 

0.40 

M 

Ar  enioal  iron  (mispikel) 

F120 

M 

Cido^lf 
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Muriatad  lead  (karasinel 

Atakamite  (muriated  copper) 

CrjnJite 

Tellure  B^leni^  biBinutiief^re i 

TeUure  auro-plombifbre 

AppaUte  (ohloro-phosphated  lime)  . , 
Pjro-morpliite  (idiloro-pliOBphatecl  lead) 
Blue  pliasphated  iron 

cuca  argantal 

Sphene 


787.   Various  Substances. 


K_. 

0.™ 

(  raphite  (the  most  dense) 

2^500 

M. 

Bituminous  coal 

1-260 

M. 

Vnthca^ite 

lEOO 

M. 

Compact  oool 

1-330 

M. 

Charcoal  in  powdir 

1-300 

Rumfort. 

Vi  alnut 

-62Q 

Marcus  Bull. 

"\\hite  lak  chc  Inut 

■547 

U 

Beeob 

Id 

-455 

Id 

W  Jd  apple 

■455 

K 

Sassafras 

■427 

Ic 

Vuginian  oUeny  tree 

■411 

Ii 

from 

Amenoao  elm 
Vngmma  cedar 
Tellow  pine 

-367 
■238 
-S33 

Id 
Id 
Id 

Birch 

■864 

Ic 

American  chestnut 

-279 

Ic 

Italian  iioplnr 

■245 

It 

f  i-4eoi 

Rumford.                  | 

1.   1-530  J 

1 
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K_ 

Sppciflo 

OhjHTCl-S. 

Pomegranate,  tiee 

1350 

Erisson. 

Lignum  vitte,  ebony 

Id. 

Dutch  box 

13J0 

Id 

Heai  t  of  oak  of  00  yeai  3  old 

ino 

Id 

■lledlar 

Q40 

Id 

Olive 

920 

Id 

French  boi 

&10 

Id 

'ipanish  mulbeiiy 

800 

Id 

Beech 

862 

Id 

A.«h 

84f) 

Id 

"Woods    - 

lew 
Elm 
Apiile  tiee 

807 
800 
7u3 

Id 
Id 
Id 

Oiango  liee 

705 

Id 

1  eilow  fir 

057 

Id 

Lime 

604 

Id 

Cypress 

598 

Id 

Cedar 

561 

Id 

White  Spanish  poplar 

529 

Id 

4S2 

Id 

Common  poplar 

Id 

Cork  hee 

240 

Id 

iellow  amber 

11180 

<  InenUl  ruby 

4  260 

Oriental  eapphira 

3  990 

Brazilian  sapphire 

SI30 

Otiaotal  topaa 

4  000 

faitxaa  topaz 

3  560 

Oriental  beryl 

8  540 

English  flint  gins'! 

3  330 

Glass  of  St  Goblin 

2^80 

Jasper,  onjx 

2  800 

Pearls 

2  750 

fornl 

2  080 

2  880 

Porcelain  olav 

2  210 

Poroelam  of  Sfevres 

2  310 

Slier  meulifere 

2  480 

Flint 

2  000 
r2  670 

Poipbyrv 

1  2'750 
f  2-650 

Granite.. 

J     to 
12-750 

f2'810 

Slate  

2'200 

Plttister  s 

to 

1 
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»— 

Specific 

Olj^snets. 

f   2  650 

Cummon  marbles 

Marble,  Parian 

1   2  750 
2  880 

Carrara 

3  72U 

Boilding  *<toae  lai^e 

(   llOU 
1100 

Lias  Btune 

2  250 
to 

3  460 

Basalt 

f   2i50 
i      to 
f.   2  810 

01>EiiIian 

2S00 

Volvic  atone 

2  320 

Alabaster 

2  700 

Bra  IS 

8  800 

Mftlohior 

7180 

SioQze  fer  status  and  taia  tarn 

8150 

Gun  metal 

8  4b0 

Humbera'  solder 

9  5B0 

Cliinese  Tuteiragiie 

8  480 

lee 

OSo5 
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BOOK  THE  SEVENTH. 

THEORY  OF  UKDULATION. 


CHAPTER  I. 

PEELIHINARY  PKINCIPLES   AND  DEFINITIONS. 

A  VAST  masa  of  discOYorics  proiluced  by  the  labour  of  modern  en- 
quirers in  several  branches  of  physics,  and  more  especially  in  those 
■where  the  phenomena  of  sound,  heat,  light,  and  the  imponderable 
agents  generally  are  investigated,  have  conferred  upon  the  subject 
consigned  to  the  present  book  much  interest  and  importance. 

7?8.  Tendency  to  oscillate  round  a  position  or  state  of  stable 
equilibrium.  —  When  a  mass  of  matter,  whatever  be  its  form  or  con- 
ditions, being  in  a  state  of  stable  equilibrium,  is  disturbed,  either  col- 
lectively or  in  the  internal  arrangement  of  its  constituent  parte,  by 
any  external  force  which  operates  for  a  moment,  such  body  will  have 
a  tendency  to  return  to  the  state  from  which  it  was  disturbed,  and 
will  so  return,  provided  the  disturbing  force  have  not  permanently 
deranged  its  structure.  After  it  has  returned  to  the  position  of  equi- 
librium, it  will,  have  a  tendency,  by  reason  of  its  inertia,  to  depart 
from  such  position  again,  and  to°make  an  excursion  in  a  contrary 
direction,  and  so  continually  to  pa^  on  the  one  side  and  the  other  of 
this  position,  with  an  alternate  motion  more  or  less  rapid,  until,  at 
length,  by  the  resistance  of  the  medium  in  which  it  is  placed,  and 
other  causes,  it  is  gradually  brought  to  rest,  and  settles  finaUy  in  its 
previous  position  of  stable  equilibrium. 

Alternate  motions,  thus  produced  and  continued,  are  vanously  ei- 
prcEsed  by  the  terms  vibrations,  oscillations,  waves,  or  undulations,  ac- 
cording to  the  state  and  form  of  the  body  in  which  they  take  place, 
and  to  the  character  of  the  motions  which  are  produced. 

One  of  the  most  familiar  and  generally  known  examples  of  this 
1  f  m  t  u  has  already  been  noticed  in  the  case  of  the  pendulum, 
ih  e  the  o=c  llation  is  produced  by  the  alternate  displacement  of  the 
ent  mass  of  the  body,-  which  partakes  in  the  common  motion  of 
Tib  ation 
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789.  Formation  of  wmes  or  nndulaiions. — It  does  not  always 
follow,  however,  that  the  particles  of  the  Tibrating  body  thua  share 
in  a  common  motion.  If  an  elastic  string  be  extended  between  two 
flsed  points,  and  be  drawn  laterally  from  its  position  of  rest  by  a 
force  applied  at  its  middle  point,  it  will  return  to  that  position  of  rest 
aiid  pssa  beyond  it,  and  will  thus  alternately  oscillate  on  the  one  side 
and  on  the  other  of  auch  a  portion.  In  this  case  the  oscillatory 
motion  bears  a  close  analogy  to  that  of  the  pendulum,  as  will  be 
move  fully  noticed  hereafter. 


Fig.  227. 

Let  A  B,fy.  227.  I,  be  a  flexible  cord  attached  to  a  fixed  point  at 
B,  and  held  by  the  hand  at  A.  If  this  cord  be  jerked  smartly  once 
or  twice  up  and  down  by  the  hand  at  A,  it  will  immediately  change 
its  form,  and  an  apparent  movement  will  be  produced,  passing  from 
the  end  a  towards  the  end  B,  similar  to  that  of  waves  upon  water. 
The  first  effect  of  the  motion  will  be  to  cause  the  cord  to  assume  the 


<K.l<»i:..,C00glc 


118  THEORY  OF  UNDULATION. 

ciirveil  form  A  a  o,  riaing  ahme  tlie  position  of  equilitrium.  This  will 
be  succeeded  hy  a  oorreaponJing  curved  form  o  s'  P,  depressed  to  the 
aamo  extent  below  the  position  of  equilibrinm.  If  the  cord  be  jerked 
but  once,  then  the  point  o  will  appear  to  advance  towards  B,  the  ele- 
vation A  a  o  following  it,  and  tlie  depression  of  o  9'  p  preceding  it,  so 
that  the  appearances  produced  successively  by  the  cord  will  be  those 
represented  in^^,  227.  il,  lir.  IV. 

The  curve  A  a  o  s'  P  is  called  a  wave. 

The  curve  A  S  o,  which  rises  above  the  position  of  eciuilibriuni,  is 
called  tie  elevation  of  the  wave,  a  being  tbo  summit  or  point  of  great- 


The  curve  0  a'  p  is  called  the  depression  of  the  wave,  the  point  s' 
being  that  of  greatest  depression. 

The  distance  a  q  of  the  highest  point  above  the  position  of  equili- 
brium is  called  the  height  if  the  wave  ;  and  in  like  manner  the  dis- 
tance s'  q'  of  the  lowest  point  of  the  depression  below  the  position 
of  equilibrium  ia  called  the  depth  of  the  wave. 

The  distance  A  P  between  the  beginning  of  the  elevation  and  the 
end  of  the  depression  is  called  the  length  of  the  wave ;  the  distance 
A  o  the  length  of  the  elevation,  and  0  p  that  of  the  depression. 

It  is  found'  that  such  a  wave,  on  arriving  at  the  extremity  b,  as 

represented  in  it,  will  return  from  B  to  A,  as  represented  in  V,  Vi, 

VII,  VIII,  in  the  same  manner  esaotlj  as  it  had  advanced  from  a  to  b. 

Having  thus  returned  to  a,  it  will  begin  another  movement  towards 

B,  and  so  proceed  and  return  as  before. 

790.  Undulations  progressive  and  stationary. — A  wave  which 
thus  moves  in  some  certain  direction,  is  called  a  progressive  undu- 
lation. 

Let  a  cord  be  extended  between  two  flsed  points,  A  ands,^^.  228., 
and  let  it  be  divided  into  any  number  of  equal  parts,  three  for  exam- 
ple, at  c  and  d.     Let  the  points  c  and  D  be  temporarily  fixed,  and 
let  the  three  parts  of  the  eord  be 
drawn  from  their  position  of  rest  in 
contrary  directions,  so  that  the  cord 
will   assume  the  undulating  form 
fig.  238.  represented  in  the  figure.     If  the 

parts  of  the  cord  thus  drawn  from 
their  position  of  equilibrium  be  simultaneously  discharged,  each  part 
mil!  vibrate  between  the  fixed  points,  the  adjacent  vibrations  being  al- 
ways in  conti-ai-y  directions. 

Now  let  the  fixed  points  0  and  D  Ixs  removed,  so  as  to  leave  the 
coi'd  free.  No  change  will  then  take  place  in  the  vibratory  motion  of 
the  cord,  and  it  will  therefore  alternately  throw  itself  into  the  posi- 
tions represented  in  the  fig.  by  the  continuous  line  and  the  dotted 
line.  But  as  it  continues  to  vibrate,  the  parts  C  and  d,  although 
froe,  will  be  stationary,  and  waves  will  be  formed,  whose  elevation 
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and  depreBsion  will  be  alteruately  above  and  below  the  lines  joining 
the  points  A,  0,  d,  and  £. 

Such  an  undulation  not  having  any  progressive  motionj  is  accord- 
ingly called  a  stationary  undulation. 

The  poiuts  0  and  D  of  the  wave,  which  never  change  their  position, 
ave  called  nodal  points  or  riodes. 

This  species  of  undulation  may  he  considered  to  he  produced  hy 
the  alternate  elevation  and  depression  of  tlie  several  parts  of  the  cord 
above  and  below  its  position  of  equilibrium. 

As  the  circumstances  attending,  and  the  laws  which  govern,  the 
vibrations  or  undulations  of  bodies  vary  with  the  state  in  which  they 
are  found,  according  as  they  are  solid,  liquid,  or  gaseous,  it  will  be 
convenient  to  consider  such  eifecta  as  exhibited  ia  tkese  states  severally. 


tfsBUlATiON  OP  aoijiDa. 

791.  Vibrations  of  cords  and  membranes.  —  Solid  bodies  exhibit 
the  phenomena  of  vibration  in  various  forms  and  dearoea,  according 
to  their  figure  and  to  the  degree  of  their  elasticity.  Cords  and  wires 
have  their  elasticity  developed  hy  tension.  The  same  may  be  said  of 
bodies  which  have  considerable  superficial  extent  with  little  thickness, 
such  as  thin  membranes  lite  paper  or  parchment. 

When  these  are  stretched  tight  and  struck,  they  will  vibrate  on 
the  one  side  and  on  the  other  of  their  position  of  equilibrium,  in  the 
same  manner  as  a  strefched  cord. 

Elastic  Bubstonces,  whatever  be  their  form,  are  susceptible  of  vi- 
bration, the  manner  and  degree  of  this  varying  in  an  infinite  variety 
of  ways,  aecoi'ding  to  the  form  of  the  body  and  to  the  manner  in  which 
the  force  disturbing  this  form  and  producing  the  vibration  is  applied. 

792.  Vibrations  of  cords  or  wires  transverse,  hTigitudinal,  or  tor- 
sional.— Apparatus  of  Prof .  Augxtst.  —  Those  solids 
whose  breadth  or  thickness  is  very  small  in  proportion  to 
their  length,  such  as  thin  rods,  cords,  or  wires,  are  sus- 
ceptible of  three  kinds  of  vibration,  which  have  been 
denominated  the  transverse,  the  longitudinal,  and  the 
torsional, 

An  apparatus  to  exhibit  these  efiects  experimentally, 

contrived  by  Professor  August,  is  represented  in  fg.  229. 

This  apparatus  consists  of  a  piece  of  brass  wire  formed 

into  a  spiral,  one  end  of  which  is  attached  t*  a  frame 

m  which  it  is  suspended,  and  the  other  end  supports 

rtlSght  by  which  it  is  striuned.     The  transverse  vibra- 

ns  are  produced  hy  fixing  tie  lower  end  of  the  wire 
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by  taeans  of  tbe  movible  climp  repieaentel  in  fi^  229  The  wire 
is  then  dia^n  aside  fiom  its  ptisition  ni  eqiiilibnuJii  anj  suddenly  kt 
go,  after  wbicb  it  Mbrates  on  the  one  sidi-  and  on  tbe  other  of  this 

To  show  the  loufritudinil  yibntions,  thi,  weight  suspended  fiom 
the  wne  is  drawn  downward?  by  the  band,  tbe  wire  yielding  m  con- 
sequence of  its  spiral  form  When  tbe  weight  la  disengaged,  the 
wire  draws  it  up,  tbe  spiral  elasticity  being  gieafer  than  the  weight 
The  weight,  however,  nsi^  in  this  case  above  tbe  position  of  equili- 
brium, then  falling  retmns  to  it,  but  in  consequence  of  its  mertia  de- 
scends beloB  it,  and  thus  alternately  rises  above  and  falls  below  this 
position,  until  at  length  it  comes  to  rest. 

The  torsional  vibrations  are  shown  by  turning  the  weight  round  its 
vertical  diameter.  When  so  turned  and  kt  go,  it  will  turn  back 
again  until  it  attains  its  position  of  equilibrium ;  but  by  reason  of  its 
inertia  it  will  continue  to  turn  beyond  that  position  until  stopped  by 
tbe  resistance  of  the  wire,  when  it  will  return,  and  thus  alternately 
twist  round  in  the  one  direction  and  in  the  other,  until  it  comes  to 

793.  Vibrations  of  an  elastic  siring.  —  Of  the  various  forms  of 
solid  bodies  susceptible  of  vibration,  that  which  is  attended  with,  the 
greatest  inter^t  and  importance  is  an  extended  cord;  inasmuch  as  ii 
not  only  produce  tbe  phenomena  in  such  a  manaer  and  form  as  to 
render  the  laws  which  govern  them  more  easily  (Bcert.ained,  but  also 
constitutes  the  principle  of  an  extensive  class  of  musical  instruments, 
and  is  therefore  of  high  importance  in  the  theory  of  musical  sounds. 

Let  AB,  J^,  230.,  be  such  an  extended  atnng.  If  it  be  drawn 
aside  at  its  middle  point  o  from  its  posiljon  of  equilibrium,  so  as  to 


be  bant  into  the  form  A  d  b,  and  then  disengaged,  it  will  in  virtue 
of  its  elasticity  return  to  the  position  A  0  B ;  the  point  D  approaching 
0  with  an  accelerated  motion,  exactly  in  the  same  manner  as  the  baU 
of  a  pendulum  approaches  the  centre  point  of  its  vibration.  Having 
arrived  at  the  position  A  0  B,  tbe  string  in  consequence  of  its  inertia 
will  be  carried  beyond  that  position,  and  will  arrive  at  a  position 
A  d'  B  on  the  other  side  of  a  o  b,  nearly  at  the  same  distance  as  a  d  b 
was.  The  motion  of  the  middle  point  o  from  o  to  i>'  is  gradually  re- 
tarded, until  it  entirely  ceases  at  u',  precisely  similar  to  the  motion 
of  the  ball  of  a  pendulum  in  ascending  from  tbe  middle  point  to  the 
extreme  limit  of  its  vibration.     All  these  observations  will  be  equally 
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.ny  otter  point  of  the  string,  sucii  aa  c,  whict  oscillates 
in  Ijlte  manner  lietwoen  the  pointa  d  aud  d'.  All  the  circuiastancea 
which  were  explaiued  in  the  case  of  the  pendulum,  and  which  showed 
that  the  oscillations,  whether  made  through  longer  or  shorter  arcs, 
were  made  in  tie  same  time,  are  equally  applieabie  to  this  case  of  a 
vibrating  string.  Thus,  the  force  which  impeU  any  point,  euoh  as  k, 
towards  the  line  A  B,  increases  as  the  distance  of  d  from  the  line  A  b 
increases.  Therefore,  th  or  te  fh  stent  f  the  escursion  which 
the  string  has  to  msk  th  g  tc  n  p  p  1  n  wili  be  the  force 
which  will  impel  it ;  an  1  nseq  ntlj  tl  t  m  of  vibration  will  be 
the  same  although  the  amp!  t  1  f  th  b  at  ns  be  greater.  It  is, 
therefore,  the  general  pptyfaU  tnll  strings,  when  put  in 
vibration,  that  they  w  11  11  t  n  th  d  of  tiieir  position  of 
rest  in  equal  times,  wh  th  th  ampl  tud  f  the  vibrations  is  great 
or  amalL  It  follows  from  this,  that  the  time  of  osoiUation  wilt  be 
the  same  during  the  continuance  of  the  vibration  of  the  same  string, 
although  the  amplitude  of  the  oscillations  it  performs  be  continual^ 
diminished. 

These  observations,  with  the  necessary  qualifications,  are  applicable 
to  all  vibrating  bodies.  In  all  cases,  the  force  tending  to  bring  them 
back  to  the  position  of  equilibrium  is  great  in  proportion  to  the  ex- 
tent of  their  departure  from  it ;  and  consequently,  ite  time  of  oscilla- 
ting on  either  side  of  their  position  of  equilibrium  will  be  the  sam.e, 
although  the  amplitude  of  each  oscillation  is  ■variable. 

794.  General  laws  affecting  them.  —  The  following  laws  which 
govern  the  vibration  of  strings  have  been  demonstrated  by  theory  and 
verified  by  experiment. 

Let  N  express  the  number  of  vibrations  per  second  which  the  string 
makes. 

Let  L  express  the  length  of  the  string. 
Let  s  express  the  force  with  which  the  string  is  stretched. 
Let  D  express  the  diameter  of  the  string. 

I.  The  number  n  will  be  inversely  proportional  to  l,  other  things 
ieing  the  same.  —  That  is  to  say,  the  number  of  vibrations  made  by 
a  stnng  per  second  will  be  increased  in  tho  same  proportion  aa  the 
length  of  the  string  is  diminished,  and  vice  versA,  the  tension  of  the 
string  and  its  thickness  remaning  the  same. 

H.  The  number  n  varies  in  the  proportion  of  the  square  i  ool  of  ^, 
other  things  being  the  same.  —  That  is  to  say,  the  numbei  of  vibia- 
tions  performed  by  a  string  per  second  wili  be  increased  in  piopoition 
to  the  square  root  of  the  force  which  stretches  the  string  If  the 
string  be  extended  by  a  four-fold  force,  the  number  of  vibrations 
which  it  performs  per  second  will  be  doubled ;  if  it  be  extended  by 
a  nine-fold  force,  the  number  of  vibrations  it  performs  per  second  will 
be  increased  in  a  three-fold  proportion,  and  so  on. 

III.  The  number  of  vibrations  performed  per  second  is  m  the  tn- 
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verse  proportion  of  the  diameter  of  the  string,  other  things  being  the 
same.  —  That  is  to  say,  if  two  strings  of  the  same  length  aod  com- 
posed of  the  same  material  be  stretched  with  the  same  force,  one  hav- 
ing double  fbe  diameter  of  the  other,  the  latter  will  perform  twice  aa 
many  vibrations  par  second  aa  the  former. 

The  three  preceding  rules  may  be  espressed  in  combinatioii  by  the 
following  formula ; 


ia  which  a  is  a  number  depending  on  the  quality  of  the  material  of 
the  string,  and  which  will  vary  in  the  formula  if  two  different  strings 
be  compared  together. 

It  follows,  from  this  formula,  that 


The  constant  number  a,  therefore,  is  found  by  dividing  the  product 
of  the  number  of  vibrations  per  second,  the  length  of  the  string,  and 
its  thickness,  by  the  square  root  of  the  force  which  stretohes  the 

IV.  The  numbers  of  vibrations  of  cords  of  different  materials  are 
in  the  inverse  proportion  of  the  square  roots  of  their  densities.  — 
That  is  to  say,  if  we  take,  for  example,  a  cord  of  copper  whose  den- 
sity is  about  9,  and  a  catgut  .cord  whose  density  is  nearly  1,  their 
diameters,  tensions  and  lengths  being  equal,  the  number  of  vibrationB 
of  the  copper  cord  wiU  be  to  that  of  the  catgut  as  1  to  3. 

The  manner  in  which  the  preceding  laws  may  be  verified  by  ex- 
periment will  be  esplained  in  the  nest  Booh,  when  we  shall  treat  of 
the  doctrine  of  sound. 

795.  Vihratiotts  of  an  elastic  rod  mth  one  end  fixed. — If  an  elastic 
rod,  fixed  at  one  end  and  free  at  the  other,  be  drawn  aside  from  its 
position  of  equilibrium,  and  let  go,  it  will  vibrate,  and  ita  vibrations 
will  be  isochronous,  for  the  reaisons  which  have  been  already  explained 
in  a  general  mauuer.  It  is  demonstrated  by  theory,  and  verified  by 
esperiment,  that  the  number  of  vibrations  per  second  made  by  such  a 
rod  will,  other  things  being  the  same,  be  inversely  as  the  square  of  ita 
length.  If,  for  example,  two  pieces  of  the  same  elastic  stee!  were  to 
be  fixed  in  a  vice  at  one  end,  the  other  ends  being  free,  the  number  of 
vibraliona  performed  by  the  one  per  second  will  be  four,  nine,  or  six- 
teen-fold  the  number  of  vibrations  performed  by  the  other,  if  the  first 
be  two,  three,  or  four  times  shorter  than  the  second. 

The  vibrations  produced  by  elastic  wires,  fixed  at  one  end,  are  not 
like  the  vibrations  of  a  common  pendulum,  generally  made  in  the 
same  plane;  in  other  words,  the  free  extremity  of  the  wire  does  not 
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describe  a  oirculav  arc  between  its  extreme  positioTia.  B  appeara  (o  be 
impressed  with,  at  the  same  time,  two  vibratory  motions  in  planes  at  rigkt 
aDgles  to  each  other,  and  moves  in  a  curve  produced  by  the  composition 
of  these  molioiis.  These  effects  are  rendered  esperimentally  appa- 
rent ina  beautiful  manner,  by  the  following  expedient.  Let  several 
elastic  steel  wires,  knitting-needles,  for  example,  be  fixed  at  one  end 
in  a  ■vice  or  in  a  board,  and  let  small  balls  of  polished  steel,  capable 
of  rcflectiog  light  intensely,  be  attached  to  fie  vibrating  ends.  Each 
of  theae  Bruall  polished  balls^will  reflect  to  the  eye  a  brilliaat  point, 
and  when  they  are  set  in  motion  this  brilliant  point  will  produce  a 
continued  hue  of  hght,  in  the  same  manner  and  upon  tte  same  prin- 
ciple ( which  will  be  explained  hereafter)  on  which  the  end  of  a  lighted 
Bfick  mide  rapidly  to  revolve  appears  one  continued  circle  of  light. 
Now,  when  the  needles  are  put  into  a  state  of  vibration,  the  brilliant 
points  will  appear  to  describe  a  complicated  curve,  exhibited  to  the 
eye  by  an  unbroken  line  of  light  reflected  from  the  polished  ball. 

796.  J^odai  points  experimentally  shtnon. — Elastic  rods  are  sus- 
ceptible of  the  stationary  undulations  already  described  as  well  as 
Btrings.  The  nodal  points  in  the  one  and  the  other  can  be  ascerlwned 
experimentally  by  plaoing  the  vibrating  string  or  wire  in  a  horizontal 
position,  and  suspending  upon  it  light  rings  of  paper.  They  will  be 
thrown  off  so  long  aa  they  rest  upon  any  part  of  the  string  or  wire 
except  the  node,  but  when  they  come  to  a  node,  they  will  remain  there 
unmoved,  although  the  vibration  of  the  strmg  or  wire  may  continue. 

This  experiment  may  be  easily  performed  upon  a  string  stretched 
in  a  horizontal  pcmtion.  If  such  a  string  be  taken  between  the  fingers 
at  two  points,  each  distant  by  one-fourth  of  its  length  from  the  two 
estremities,  and  being  drawn  aside  in  opposite  directions,  be  disen- 
gaged, it  will  vibrate  with  a  stationary  undulation,  the  aodat  point 
being  in  the  centre,  and  each  half  of  the  string  vibrating  independ- 
ently of  the  other.  If  a  light  paper  ring  be  suspended  on  such  a 
string  at  the  middle  point,  it  will  remain  unmoved;  but  if  drawn 
aside  from  the  middle  point,  it  will  be  thrown  off  and  agitated  until 
it  returns  to  that  point,  where  it  will  again  remain  at  rest.     ■ 

A  solid,  in  the  form  of  a  thin  elastic  plate,  made  to  vibrate,  will 
always  be  susceptible  of  stationary  undu- 

^ ^ lations,  and  will  have  a  regular  scries  of 

+  X^  ■  —  1  4-  nodal  points.  Such  a  plate  may  be  con- 
°  "~~*W°  '^'~~  "*    sidered  as  consisting  of  a  series  of  rods 

A  -— - ~"t ■"—  c    '^'"  wires,  placed  in  contact  and  connected 

™™=i  \™__™J  together,  and  the   aeries  of  their  nodal 

a-~i^&— -— — m^  jwwE  a    pQJjita  will  form  upon  the  plate  a  series 

I  "^    ■ r I  +  1       of  nodal  lines. 

^  ^  To  render  these  nodal   lines  expen- 

Fig  231,  mentally  apparent,  it  is  only  necessary  to 

spread  upon  the  p!ate  a  thin  coating  of 
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fine  sand;  wten  tte  plate  is  put  iato  vibration,  tLe  sand  will  he 
throwa  from,  the  vibrating  points,  and  will  collect  upon  the  nodal 
lines,  and  affect  an  arrangement,  of  whicli  an  example  is  given  injJg. 
231.     Thia  will  be  more  fuUy  espkiuetl  herej.fter  when  we  treat  a£ 
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797.  Wanes  diverging  round  a  centre.  — If  a  vessel  containing  a 
liquid  remain  at  rest,  the  liquid  heing  subject  to  no  external  disturb- 
ance, the  surface  will  form  a  uniform  level  plane.  Now,  if  a  depres- 
sion be  made  at  any  point  of  this  surface  hy  dropping  in  a  pebble,  or 
by  immeraug  the  end  of  a  rod  and  suddenly  withdrawing  it,  a  series 
of  circular  waves  will  immediately  be  formed  round  tte  point  wliere 
such  depression  ia  made  as  a  centre,  and  each  such  wave  will  espaud 
in  a  progressively  increasing  circle,  wave  following  wave  until  they 
encounter  the  bounding  sides  of  the  vessel. 

798.  Apparent  progressive  motion  of  the  liquid  deceptive.  —  In 
this  phenomenon  a  curious  deoepfion  is  produced.  When  we  perceive 
the  waves  thus  apparently  advancing,  one  following  another,  we  are 
irresistibly  impressed  with  the  notion  that  the  fluid  itself  is  advancing 
in  the  same  direction  j  we  consider  that  the  same  wave  is  composed 
of  the  same  water,  and  that  the  entire  surface  of  the  liquid  is  in  pro- 
gressive motion.  .  A  little  reflection,  however,  on  the  consequences  of 
sueii  a  supposition  will  prove  that  it  is  unfounded.  The  ship  which 
Hoata  on  the  waves  of  the  sea  is  not  carried  forward  with  them ;  they 
pass  beneath  her  in  lifting  her  on  their  summits,  and  in  letting  her 
sink  into  the  aby^  between  them.  Observe  a  sea-fowl  floating  ou  the 
water,  and  the  same  effect  will  he  seen.  If,  however,  the  water  it- 
self partook  of  the  motion  of  the  waves,  the  ship  and  the  fowl  would 
each  be  carried  forward  with  a  motion  in  common  with  the  liquid. 
Once  on  the  summit  of  a  wave,  there  tbey  would  constantly  remain; 
or  if  once  in  the  depression  between  two  waves,  they  would  likewise 
continue  there,  one  wave  always  preceding  and  the  other  following 
them. 

It  is  evident,  therefore,  that  the  impression  produced,  that  the 
water  is  in  progressive  motion,  is  an  illusion  But,  it  may  be  asked, 
to  what  then  does  the  progressive  motion  belong  ?  That  such  a  pro- 
gressive motion  does  take  place  in  something,  we  have  proof  from  the 
evidence  of  sight;  and  that  no  progressive  motion  takes  place  in  the 
liquid  we  have  still  more  uaquestionabie  evidence.     To  what,  then, 
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■,  to  tho  form  of  the  surface, 


does  the  motion  helong?     We  s 
and  not  the  liquid  composing  it. 

799.    Progression  of  waves  explained.  —  To   render  intelligible 
the  manner  in  whioli  the  waves  npoa  a  liquid  are  produced,  let  a.  B  C  d, 
Jig.  232.,  be  a  vessel  containing  a  liquid  whose  surface  when  at  rest 
w  L  li      Let  us  imagine  a  siphon  M  N  o  inserted 
in  this  vessel,  fillod  with  water  to  the  same 
level  as  the  ve  sel      It  ia  evident  that  the 
water  included  within  the  siphon  will  hold  the 
same  position  preeiaelv  as  the  water  of  the  ves- 
Bol  whuh  the  siphon  displaces.     If  we  suppose 
a  piston  mseited  in  the  leg  M  N  to  press  down 
the  water  from  the  le\el  L  L  to  the  depth  d', 
the  watei  in  the  leg  h  o  will  rise  to  the  height 
■^  ^  '"  E      If  the  piston  he  suddenly  withdrawn,  the 

water  m  the  leg  M  N  will  again  rise,  and  the  water  in  the  leg  N  0  will 
fall,  the  surfeices  b'  and  E  will  return  to  the  common  level  LIi,  hut 
they  will  not  remain  there,  for,  in  consequence  of  the  inertia,  the 
ascending  motion  of  the  column  D  and  the  descending  motion  of  the 
column  jE  will  be  continued,  so  that  the  surface  D'  will  riso  above  I.  i, 
and  the  surface  E  will  fall  below  it,  and  having  attuned  a  certain 
limit,  they  will  again  return  respectively  to  the  level  h  L,  and  oscillate 
above  and  below  it  until,  by  friction  and  atmospheric  resistance,  they 
ate  brought  to  rest  at  the  common  level  L  L. 

Now  if  we  imagine  the  siphon  to  he  withdrawn,  f 
which  occupies  its  place  may  he  affected  by  the  e 
the  same  oscillation  will  take  place ;  hut  at  the  ssi 
pressure  which  is  obstructed  by  tiie  sides  of  thi 
other  oscillations,  by  the  combination  of  which  the  phen 
wave  will  be  produced. 


o  that  the  water 


e  time,  the  lateral 


Let  ADO  J),  Jig.  2S3.,  be  an  undulation  produced  on  the  surface  of 
a  liquid.  This  undulation  will  appear  to  have  a  progressive  motion 
from  A  towards  X. 

Iiet  us  suppose  that  ia  the  interval  of  one  second  the  summit  of 

the  wave  B  is  transferred  to  h'.    Now  let  us  consider  with  what 
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motion  the  particles  formmg  tlie  suifaco  of  tlic  watei"  are  affected 
during  this  interval. 

Tbe  particle  at  B  descends  vertically  to  h,  while  the  particle  e' 
iiscends  verticallj  to  h'.  The  several  particles  of  the  wave  in  the  first 
position  between  n  and  o  descend  in  the  vertical  liuea  represented  by 
dotted  lines  in  the  figure  to  tbe  several  points  of  lie  suvfaee  between 
6  and  o.  Al  the  same  time,  the  several  points  of  the  surface  of  the 
waTe  in  its  first  position  between  o  and  b'  rise  in  vertical  lines,  and 
form  the  surface  of  the  wave  in  its  second  poation  tetween  c  and  b'. 
In  like  manner,  the  particles  of  the  wave  in  the  first  positioa 
between  b'  and  c'  rise  in  vertical  liaes,  and  form  the  surface  of  the 
wave  in  ita  new  positions  between  b'  and  c'. 

In  the  same  manner,  during  the  same  interval,  the  particles  of 
liquid  forming  tbe  surface  b  a  descend  in  vertical  lines  and  form  the 
surface  h  a. 

Thug  it  appears  that  in  the  interval  of  one  second  the  particles  of 
water  forming  the  surface  A  B  cfall  in  vertical  lines,  and  those  form- 
ing the  surface  o  b'  o'  rise  in  vertical  lines,  and  at  the  end  of  a  second 
the  series  of  particles  form  tbe  surface  ahcb'  c'. 

In  this  manner,  in  tbe  interval  of  one  second,  not  only  the  crest  of 
the  wave  is  transferred  from  B  to  6',  but  all  the  jarts  wbicb  form  its 
profile  are  transferred  to  corresponding  points  holding  the  same  rela- 
tive position  to  the  new  summit  V .  Thus  we  see  that  the  form,  of 
tbe  wave  has  a  progressive  motion,  while  the  particles  of  water  com- 
posing its  surface  have  a  vertical  motion  eitber  upwards  or  down- 
wards, as  tbe  case  may  be. 

800.  Stationary  waves  explained.  —  Hence  it  appears  that  each 
of  the  particles  compasing  the  surface  of  a  liquid  is  affected  by  au 
alternate  vertical  motion.  This  motion,  however,  not  feeing  simul- 
taneoua  but  successive,  an  effect  will  be  produced  on  tbe  surface  which 
will  be  attended  with  tbe  form  of  a  wave,  and  such  wave  will  be  pro- 
grcsdve.  The  alternate  vertical  motion  by  which  the  particles  of  the 
liquid  are  affected  will,  however,  sometimes  take  place  under  such 
conditions  as  to  produce,  not  a  progressive,  but^a  stationary  undula- 
tion. This  would  be  tbe  case  if  all  the  particles  composing  the  sur- 
face were  simultaneously  moved  upwards  and  downwards  in  tbe  same 
direction,  their  spaces  vai-ying  in  magnitude  according  to  their  dis- 
tance from  a  fixed  point. 

To  esphin  this,  let  us  suppose  the  particles  of  Uie  surface  of  a 
hiiuid  between  the  pomt  a  e,Jig.  284.,  to  be  simultaneously  moved  in 
M..itical  lines  upwaid-i  the  centre  particle  c  being  raised  through  a 
S^reater  fpace  than  tbe  particles  contiguous  io  it  on  either  side.  The 
heights  to  which  the  other  succeeding  particles  are  raised  will  be 
cmtmually  dimim=!hing,  so  that  at  the  end  of  a  second  tbe  particles 
cf  liquid  which,  when  it  re&t,  formed  the  surfece  a  e,  will  form  tha 
curved  surfewie  ahcde. 
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In  like  maimer,  suppose  the  particles  of  the  surface  e  i  to  be  de- 
pressed in  verticrj.  lines,  corresponding  exactly  with  those  through 
which  the  particles  a  e  were  elevated.  Tlien  the  particles  ■which 
originally  formed  the  surface  e  i  would  form  the  curved  sarfaoe  efg  h  i, 
and  they  would  become  tte  depresaon  of  a  wave.  Thus  the  eleva- 
tion of  the  wave  would  be  abode,  and  ita  depression  efg  h  i. 


Fig.  334. 

Having  attained  this  form,  the  particles  of  the  surface  abode 
would  fall  in  vertical  lines  to  their  primitive  level,  and  having  attained 
that  point,  would  descend  below  it;  while  the  ^axtiahm  e,f,  g,k,i, 
would  rise  to  their  primitive  level,  and  having  attained  that  position, 
would  continue  (o  rise  above  it.  In  fine,  tie  particles  which  origin- 
ally formed  the  surface  of  the  undulation  abed  efg  h  i  would  ulti- 
luitply  form  the  suiiace  a  b'  c'  d'  ef  g'  h'  i,  represented  by  the 
d  it  ted  hoe 

HiMUg  attuned  thii  form  the  pai  titles  wiuld  again  return  to 
thfir  primitive  level,  and  would  pa"3  b  jond  it,  lud,  so  on  alter- 
nately 

In  this  case,  theiefoie,  theie  would  be  aa  undulation,  but  not  a 
piogiessive  one  The  nodil  points  would  be  a,  f,  t,  n,  r,  and  these 
points  duimg  the  unduUtion  would  not  be  moved ,  they  would  neither 
u'ok  nor  rise,  the  undulatory  motion  affecting  only  those  betweea 

This  phenomenon  of  a  stationary  undulation  produced  on  the  sur- 
face of  a  liquid  may  easily  be  esplained,  by  two  systems  of  progres- 
sive undulation  meeting  each  other  under  certain  conditions,  and  pro- 
ducing at  the  points  wa  have  here  called  nodal  points  the  phenomenon 
of  interference,  which  wo  shall  presently  esplnin, 

801.  Condiiions  under  which  a  slationary  undulation  may  hepro- 
due&d.  —  Stationary  undulations  may  be  produced  on  a  surface  of 
liquid  confined  in  a  straight  channel  by  exciting  a  succession  of  waves, 
separated  by  equal  intervals,  moving  t^tdnst  the  end  or  side  of  the 
channel,  and  reflected  from  it.  The  reflected  waves,  combined  with 
the  direct  waves,  vrill  produce  the  effect  here  d^cribed. 

It  may  also  be  pi-oduoed  by  exciting  waTea  in  a  circle  from  its 
central  point.     These  waves  being  reflected  from  the  circular  surface, 
.  will  produce  another  series,  which,  combined  with  the  former,  would 
be  attended  with  the  effect  of  a,  stationary  undulation. 

802.  Deplh  to  which  the  effer.1  of  wooes  extend.  —  When  a  system 
35  ,-  409, 
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of  waves  is  produced  upon  the  surface  of  a  liqiiid  by  any  diatnrbing 
fcirce,  a  question  arises  to  what  depth  in  the  liquid  this  disturbance 
of  ofjuilibrinm  extends.  It  is  possible  to  suppose  a  stratum  of  tlie 
liquid  at  any  supposed  depth  below  which  the  vertical  derangemeut 
would  not  be  continued.  Such  a  stratum  would  operate  as  the  bottom 
of  the  agitated  part  of  the  fluid. 

The  Messrs.  Webber,  to  whose  esperimontal  inquiries  in  this  de- 
partment of  physics,  aoience  is  much  indebted,  have  ascertained  that 
the  equilibrium  of  the  liquid  is  not  disturbed  to  a  greater  depth  than 
about  three  hundred  and  fifty  times  the  altitude  of  the  wave. 

803.  Rejleclion  of  waves.  —  If  a  series  of  progressive  waves  im- 
pinge against  any  solid  surface,  they  will  he  reflected,  and  will  return 
along  the  surface  of  the  fluid  tis  if  they  emanated  from  a  centre 
equally  distant  on  the  other  side  of  the  obstructing  surface. 

To  explain  this,  it  b  necessary  to  consider  that  when  any  part  of  a 
wave  encounters  the  obstructing  surface,  its  progress  is  retarded,  and 
the  particles  compoang  it  will  osdllate  vertically  in  contact  with  the 
surface  exactly  as  they  would  oscillate  if  they  had  at  this  point  been 


first  disturbed.  ■  They  will  therefore,  at  this  point,  become  the  centre 
of  a  new  system  of  waves,  which  will  be  propagated  around  it,  bat 
wiiioh  will  form  only  sfimieircles,  sineo  the  centre  of  undulation  will 
be  against  the  obstructing  surface,  which  will,  as  Jt  were,  cut  off  half 
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of  each  circular  undnlation.  Aa  the  several  points  of  the  wave  meet 
tho  obstruofing  surface  in  succeasion,  other  series  of  setaicirotilar  waves 
will  be  formed,  and  we  shall  sefe  that  by  the  combination  of  these  va- 
rious systems  of  semicircular  waves,  a  single  wave  will  be  formed,  the 
centre  of  which  will  be  a  point  just  so  far  on  the  other  side  of  the 
obstructing  surface  aa  the  original  centre  was  on  the  side  of  the  fluid. 

Let  c,  Jig.  235.,  be  the  original  centre  of  undulation,  and  let  a 
wave  w  w  issuing  from  this  centre  move  towards  the  obstruetiug  sur- 
face AB.  The  first-part  of  this  wave  which  will  meet  the  obstructing 
surface  will  be  the  point  V,  which  moves  aJong  the  line  0  M  perpen- 
dicular to  it.  After  this,  the  other  points  of  the  wave  on  the  one 
side  and  on  the  other  will  snooessively  strike  it. 

Let  us  take  the  moment  at  which  the  surface  is  struck  at  the  points 
B  and  A  equally  distant  from  tho  middle  point  m  by  two  parts  of  the 
wave.  All  the  intermediate  points  between  b  and  a  wifl.  have  been, 
previously  struck ;  amd  if  the  wave  had  not  been  intercepted  by  the 
obstructing  surface,  it  would  at  the  moment  at  which  it  strikes  the 
points  B  and  A  have  had  the  form  of  the  eircular  arc  A  o  b,  having 
the  original  point  0  as  lis  centre. 

But  as  the  sneoessive  points  of  the  wave  strike  the  surface  A  b,  they 
will,  according  to  what  has  been  explained,  each  become  tho  centre 
of  a  new  wave  which  will  have  a  semicu-eular  form ;  and  to  ascertain 
the  magnitude  of  such  wave  at  the  moment  the  original  wave  strikes 
the  points  A  and  B,  it  is  only  necessary  to  ascertain  the  distance 
through  which  each  semicircular  wave  will  espaad,  and  the  interval 
hetween  the  moment  at  which  the  vertex  of  the  original  wave  strikes 
the  point  M,  and  the  moment  at  which  the  two  extremities  of  the 
wave  strike  the  points  A  and  B.  It  is  evident  that  if  the  wave  had 
not  been  interrupted  at  m,  its  vertex  would  have  moved  on  to  o;  and 
as  the  now  wave  reflected  from  M  will  have  the  same  velocity,  it  fol- 
lows that  at  the  moment  the  original  wavo  would  have  arrived  at  o, 
tho  reflected  wave  will  have  expanded  through  a  semicircle  whose 
radius  is  M  o.  Therefore,  if  we  tales  the  point  m  as  a  centre,  and  a 
line  equal  to  M  o  as  a  radius,  and  describe  a  semicircle,  this  semicircle 
will  be  the  position  of  the  new  wave  formed  with  M  as  a  centre  at  tho 
moment  that  the  extremities  of  the  ori^nal  wave  struck  the  points 

In  like  manijer,  it  may  be  shown  that  if  p  be  the  position  which 
the  point  of  the  original  wavo  which  struck  n  would  havo  attained 
had  it  not  been  interrupted,  tho  distance  from  which  tha  semicircular 
wave  having  n  as  a  centre  would  have  expanded  in  the  same  time  will 
be  determined  by  describing  a  semicircle  with  n  as  a  centre  and  n  p 
as  a  railius.  In  the  same  manner  it  may  be  shown  that  the  forms  of 
all  the  semicircular  waves  produced  with  the  points  N  of  the  obstruct- 
ing surface  between  A  and  B  as  centres,  will  be  detei-mined  by  taking 
the  several  parts  of  the  radii  CP,  which  lie  beyond  the  c' 
4U 
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Burfaee  as  radii,  and  the  poicts  n  wtere  they  cross  tho  ohstnieting 
surface  as  centres.  This  has  been  accordingly  done  in  the  diagram, 
by  which  it  wUl  be  perceivcci  that  the  space  to  the  left  of  the  obstniot- 
ing  surface  is  intersected  by  the  numerous  semicircular  waves  which 
have  been  fonnod.  But  it  appears  also  that  the  series  of  points  where 
they  intersect  each  other  most  closely  is  that  of  a  circular  are  A  o'  B, 
having  for  its  centre  the  point  o'  whose  distance  behind  fie  sm-fece  M 
is  equal  to  the  distance  of  the  centre  C  before  it,  so  that  c  m  shall  ho 
equal  to  c'  M.  The  effect  will  he,  tiat  a  circular  wave  a  o'  b  will  he 
he  formed,  the  intersection  of  the  semicircles  within  this  being  so 
incofisiderahle  as  to  he  imperceptible,  This  wave  A  o'  B  will  accord- 
ingly expand  from  the  surface  a  b  towards  o  on  tie  left  in  the  same 
manner  as  the  wave  A  0  b  would  have  expanded  on  the  right  towards 
c',  if  it  had  not  been  interrupted  by  the  obstructing  sitrfaco. 

If  any  radius  of  the  original  wave,  such  as  0  p,  and  the  correspond- 
ing radius  (/p'  of  tie  reflected  wave  be  also  drawn,  th^e  two  radii 
will  evidently  make  equal  angles  with  the  line  o  m  c'  which  is  per- 
pendicular to  tie  obstructing  surface ;  and  consequently,  if  from  the 
point  N  a  line  n  q  ho  drawn  parallel  to  c  M,  and  therefore  perpen- 
dicular to  A  B,  the  lines  o  N  and  N  a  will  form  equal  angles  with  it 

804.  Law  of  refieclion — angles  of  incidence  and  reflection  equal. 
—  The  angle  C  K  Q  is  called  the  angle  of  incidence  of  the  wave,  and 
the  angle  Q  N  R  is  called  the  angh  of  refieclion  ;  and  hence  it  is  esta- 
blished as  a  general  law,  that  in  the  reflection  of  waves  from  any  ob- 
structing surface,  the  angle  of  incidence  is  equal  to  the  angle  of 
reflection,  —  a  law  which  has  already  been  shown  to  prevail  when  a 
perfectly  elastic  body  is  reflected  by  a  pei-feotly  hard  surface. 

When  a  wave  strikes  a  curved  surface,  it  will  be  reflected  from 
it  in  a  different  direction,  according  to  the  point  of  the  surface  at 
c       _  which  it  is  incident.     It  will 

be  reflected  from  such  point  in 
the  same  direction  as  it  would 
be  if  it  struck  a  plane  which 
coincides  with  the  curved  sur- 
face at  this  point. 

805.  Elliptic  and  parabolic 
curves.  —  There  are  two  spe- 
cies of  erares,  which  in  those 
branches  of  physics  which  ja- 
volve  the  principles  of  imdu- 
Jation  are  attended  with  con- 
siderable importance.  These 
figures  are  the  ellipse  and  the 
parabola.  Fig.  236.  represents 
an  ellipse ;  A  b  is  its  major 
two  points  npon  its  major  axis 
412 
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called  its  foci,  whicli  have  the  following  propfrty  If  lines  Le  drawn 
from  the  foci  to  anj  point  p  in  the  ellipse,  these  liue=  will  t  im  equal 
angles  witli  the  ellipse  at  p,  and  their  lengths  tilitn  together  will  he 
equal  to  the  major  aais  A  B. 

806.  ffaves  propagated  from  tlie  foci  of  an  ellipse  — A  remark- 
ahle  consequence  of  this  property  follows,  lehtue  to  undulations  hay- 
ing for  their  centres  one  or  other  of  the  foci.  If  a  senes  of  pro- 
gruasive  circular  wa¥es,  propagated  from  the  focua  e  as  a  centre,  strike 
the  surface,  they  will  he  reflected  from  tie  surface  at  angles  equal  to 
those  at  which  they  strike  it,  because,  hy  the  law  which  has  heen 
already  established,  the  angles  of  reflection  will  he  equal  to  the  angles 
of  incidence.  If,  then,  we  suppose  several  waves  of  lie  same  system 
diverging  from  the  foous  F,  to  strike  successively  the  elliptical  surfece  at 
the  points  p,  they  will  be  reflected  in  the  direction  p  r'  towards  the  other 
foous.  But  as  all  the  points  of  the  same  wave  move  with  the  same 
velocity,  they  will  describe  equal  spaces  in  the  same  lime.  Let  the 
points  ppp  upon  the  lines  PP'  be  those  at  which  the  points  of  the  wavo 
will  arrive  siaiultaneouslj.  It  then  follows,  that  the  lines  e  p  and  Pp 
will,  taken  togefier,  he  equal,  being  in  each  case  the  spaces  described 
in  the  same  time  by  different  points  of  the  same  wave.  If,  then,  these 
equal  lengths  E  pp  be  taken  from  the  lengths  f  P  s',  which  are  also 
equal  to  eaoU  other,  as  has  been  already  espTained,  the  remainders  P'  p 
will  necessarily  be  equal ;  therefore  the  points  p  will  lie  at  equal  dis- 
tances f  i-oni  p',  and  will  therefore  form  a  circle  round  r'  as  a  centre. 
Hence  it  follows,  that  each  circular  wave  which  expands  round  E  will, 
after  it  has  heen  reflected  from  the 
surface  of  the  ellipse,  form  another 
circular  wave  round  p'  as  a  centre. 

807.  Waves  propagated  from  the 
focus  of  a  parabola. — Tne  curve 
called  a  parabola  is  represented  in 
fg.  237.  The  point  v  is  its  vertex, 
and  the  line  v  m  is  its  asis. 

A  certain  point  F  upon  the  axis 
near  the  vertex,  called  the  focus,  has 
"the  following  property.  Let  lines 
be  drawn  from  this  point  e  to  any 
points  such  as  p  in  the  curve;  and 
let  other  lines  be  drawn  from  the 
points  P  severally  parallel  to  the  asis 
V  M,  meeting  lines  W  w'  drawn  per- 
pendicular to  the  axis,  and  termi- 
nated in  the  curve.  The  lines  fp 
and  Pj>  will  be  inclined  at  equal 
angles  to  the  curve  at  the  points  P, 
and  the  sum  of  their  lengths  will  be 
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cTni'jwlievc  the  same ;  tbat  ia,  if  the  length  of  tho  line  r  r  he  added  to 
the  length  of  the  line  P  p,  the  same  sum  will  he  obtained  whichcYer 
of  the  points  p  may  he  taken ;  and  this  will  be  the  case  whatever  line 
"w  w'  he  drawn  perpeudicwlar  td  v  M. 

It  follows  from  this  property,  that  if  the  focus  of  a  parabola  he  the 
centre  of  a  system  of  progressive  waves,  these  waves,  after  strik- 
ing the  surface,  will  he  reflected  so  as  to  form  a  series  of  parallel 
straight  waves  in  the  direction  of  the  lines  w  w',  and  moving  from  P 
towards  M. 

This  may  be  demonstrated  in  precisely  the  same  manner,  as  it  has 
been  proved  in  the  case  of  the  ellipse  that  the  reflected  waves  form  a 
circle  ronud  the  focus  p' ;  for  the  lines  P  P  and  p  P,  fig.  237.,  forming 
equal  angles  with  the  curve,  will  neeeBsarily  correspond  with  the  direc- 
tion of  the  incident  and  reflected  waves,  and  the  sum  of  these  lines 
being  the  same  wherever  the  point  P  may  be  situated,  the  several 
poinK  of  the  same  wave  striking  difierent  points  of  the  parabola  will 
arrive  together  at  the  line  W  w',  inasmuch  as  they  move  with  the 
same  velocity,  and  have  equal  spaces  to  move  over. 

On  the  other  hand,  it  follows,  by  precisely  amilar  reasoning,  that 
if  a  series  of  parallel  stnught  waves  at  right  angles  to  V  M,  moving 
from  M  towards  T,  should  strike  the  parabolio  surfeoe,  their  reflections 
would  form  a  seri^  of  circular  waves  of  which  the  focus  p  would  be 
tho  centre. 

If  two  parabolas,  A  v  b  and  a'  v'  ^'tfig.  238.,  face  each  otJn=r  so 
as  to  have  their  axes  coincident  and  their  concavities  in  opposite 
dirccljong,  a  system  of  progressive  circular  waves  issuing  from  one 
focus  p,  will  be  followed  by  a  corresponding  system,  having  for  the 


Fig.  asB. 

centre  the  other  focus  p'.  Tho  waves  which  diverge  from  P,  after 
striking  on  the  surface  A  v  B,  will  be  converted  into  a  seiies  of  straight 
parallel  waves  moving  at  right  angles  to  V  v',  and  towards  v'.  These 
will  sfi'ike  the  surface  A'  v'  b',  and  after  being  reflected  from  it  will 
form  another  series  of  circular  waves,  havmg  the  other  focus  p'  as 
their  common  centre. 

A  circular  surface,  if  its  extent  he  not  great,  compared  with  the 
length  of  its  radius,  may  be  considered  as  practically  coinciding  with 
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a  psimbolie  savfaee  whose  focus  is  at  tte  midiille  point  of  tlie  radii.is 
of  the  circular  surface. 

ITor  example,  let  a  B,,jSg.  239.,  ba  a  circular  ai'c,  whose  centre  is 

C,  and  whose  middle  point  is  v.     Let  r  be  the  middle  point  of  tlie 

radius  0  v.     Then  a  b  may  be  con- 

A.(  sidered  as  so  nearly  coinciding  with 

J.  „  a   parabola  whose  fooua   is  P,  and 

Y^ I— I ■■ — - — -     whose  vertex  is  v,  that  it  wOl  poa- 

i  seiss  all  the  properties  ascribed  to  the 

b\  parabola;  and  consequently  spherical 

f   es    provided  their  extent  be 

mpared  with  their  diameters, 

h       asc  b  d  to  parabolic  surfaces. 

E  p  f  hese  prisiciphs.  —  All  these 

ff  b  fi  d     7  experiment  by  means  of 

ped     ts        tn  ed  h    M  as      Webber,  whose  arrangements, 

b     >^  b      b       ai  m  further  simplification. 

E  — I^  h  nvenient  magnitude  be  par- 

fildwhm  top         ta  surface  of  that  fluid  of 

fii  L  p  w     ng-paper  be  formed  into  a 

w  m  g  at  the  point,  so  as  to  allow 

m  mm  to  fl  m  it.     Let  a  piece  of  sbeet- 

h       g     p  p  be  now  immersed  vertically  in 

m  dm  m  d    cend  from  the  funnel  at  any 

p  p       li  my      the  vessel.     A  series  of  pro- 

gressive circular  waves  will  be  produced  around  the  point  where  the 
mercury  falb,  which  will  spread  around  it.  This  will  strike  the  plane 
surface  of  the  sheet  iron,  and  mUl  be  reflected  from  it,  forming  another 
series  of  circular  waves,  whose  centre  will  be  a  point  equally  distant 
on  the  other  side  of  the  sheet  iron,  as  already  described. 

Experiment  2.  —  Let  a  piece  of  sheet-iron  be  bent  into  the  form 
o£  an  ellipse,  such  as  that  represented  a^fig.  236. ;  and  let  the  posi- 
tion of  the  foci  be  indicated  by  a  soutll  wire  index  attached  to  it, 
Let  this  be  immersed  in  the  mercury  in  the  trough;  and  let  th( 
funnel  be  brought  directly  over  the  point  of  the  index  which  marks 
the  position  of  one  of  the  foci.  When  the  mercury  is  allowed  to  fall 
a  series  of  circular  waves  will  be  produced  round  that  focus,  and 
striking  on  the  surface  of  the  iron,  will  be  reflected  from  it,  forming 
another  series  of  circular  waves,  of  which  the  other  focus  is  the  centri 
as  already  expressed. 

Experiment  3.  —  Let  a  piece  of  sheof-iron  be  bent  into  the  fom 
of  a  parabola,  as  represented  io  Jig.  237.,  the  position  of  the  focuf 
being,  as  before,  marked  by  an  index.  If  this  be  immersed  in  th< 
merouj-y,  and  the  stream  be  let  fall  from  the  funnel  placed  at  th( 
point  of  the  index,  a  series  of  circular  waves  will  be  produced  around 
the  focus,  which,  after  being  reflected  from  the  parabolic  surface,  wilJ 
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be  coDverted  into  a  series  of  parallel  straiglit  waves  at  riglit  angles  to 
ita  axis,  as  already  explained. 

Experiment  4.  —  Let  two  pieces  of  sheet-iron  formed  into  parabo- 
lic surfaces,  with  iudicea  showing  the  foci,  be  immersed  in  the 
mercury  in  such  a  position  that  their  ases  shall  be  in  the  same  direc- 
tion, and  their  coneaYitiea  facing  each  other.  From  the  funnel  let 
{'all  a  stream  upon  one  focus  f,  Jig.  238.  Circular  waves  will  he 
formed  which,  after  refleolaoa  from  Sie  adjacent  parabola,  will  become 
parallel  waves,  and  after  a  second  rcfiection  from  the  opposite  para- 
bola will  again  become  circular  waves  with  the  other  focus  as  a  centre. 
Experiment  5.  —  If  pieces  of  sheet-iron  he  bent  into  the  form  of 
small  circular  arcs  whose  length  is  small  compared  with  their  radius, 
the  same  effects  will  be  produced  as  those  which  were  produced  by 
parabolic  surfaces. 

809.  Phenomena  produced  when  two  systems  of  waves  encounter 
each  other.  — When  two  waves  which  proceed  from  different  centres 
cQOOunter  each  other,  effects  ensue  which  are  of  considerable  import- 
ance in  those  branches  of  physics  whose  theory  is  founded  upon  the 
principles  of  undulation, 

I.  If  tie  elevation  of  one  wave  coincides  with  the  elevation  of  an- 
other, and  the  depressions  also  coincide,  a  wave  would  be  produced, 
the  height  of  whose  elevation,  and  the  depth  of  whose  depression, 
will  be  equal  to  the  sum  of  the  heights  and  depths  of  the  elevation 
and  depression  of  the  two  waves  which  are  thus,  aa  it  were,  super- 
posed. 

II.  If,  however,  the  elevation  of  one  wave  coincide  with  the  de- 
pression of  the  other,  and  vice  versd,  then  the  effect  will  be  a  wave 
whose  elevation  will  be  equal  to  the  difference  of  the  elevation,  and 
whose  depression  will  be  the  difference  of  the  depression  of  the  two 
waves  which  thus  meet. 

III.  If,  in  the  former  case,  the  heights  and  depressions  of  the 
waves  anperpoaed  be  equal,  the  resulting  wave  mill  have  double  the 
height  of  the  elevation,  and  double  the  depth  of  the  depression, 

IV.  If  the  heights  and  depressions  be  equal  in  the  second  case, 
the  two  waves  will  mutually  destroy  each  other,  and  no  undulation 
will  take  place  at  the  point  in  question;  for  the  difference  of  eleva- 
tions and  the  difference  of  depressions  being  nothing,  there  will  be 
neither  elevation  noc  depression. 

lu  fact,  in  this  latter  case,  the  depression  of  each  wave  is  filled  up 
by  t!ia  elevation  of  the  other. 

810.  Interference  o/ waves. — This  phenomenon,  involving  the 
effacement  of  an  undulation  by  the  circumstance  of  two  waves  meet- 
ing in  the  manner  described,  Js  called  in  the  theory  of  undulation  an 
interference,  and  is  attended  with  remarkable  consequences  in  several 
branches  of  physics. 
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811.  Mxperi menial  iUustraiion  of  it.  —  The  two  systems  of  waves 
formecl  by  an  elliptical  suiface,  aud  propagated,  one  directly  around 
ono  of  the  foci,  and  the  other  formed  by  refieolion  around  tie  other, 
exhibit-,  in  a  very  beouldful  manner,  the  phenomena  not  only  of  reflec- 
tion, as  has  been  already  explained,  but  also  of  intfirference,  as  has 
been  shown  with  remarkable  elegance  by  the  Messrs.  Webber  already 
referred  to.  These  phenomena  are  representfld  in  J^.  240.,  where  a 
and  b  are  the  two  foci.  The  strongly  marked  circlea  indicate  the  ele- 
vation of  the  waves  formed  arouiid  each  foous,  and  the  more  lightly 


traced  circles  indicate  their  depression.  The  points  where  the  strongly 
marked  circles  intersect  the  more  faintly  marked  cirdes,  being  points 
where  an  elevation  coincides  with  a  depression,  are  consequently 
points  of  interference,  according  to  what  baa  been  just  esplained. 
The  series  of  these  points  form  liaes  of  interference,  which  are  marked 
in  the  diagram  by  dotted  lines,  and  whioh,  as  will  be  seen,  have  the 
forms  of  ellipses  and  parabolas  round  the  same  foci. 

812.  Injiexion  of  waves.  —  If  a  serifls  of  waves  enoountGr  a  solid 
surface  in  which  there  is  an  opening  through  which  the  waves  may 
be  admitted,  the  series  will  be  continued  mside  the  opening,  and 
without  interruption ;  but  other  series  of  progressive  waves  having  a 
circular  form  will  bo  generated,  having  the  edge  of  the  opening  as 
their  centres. 

Let  UN,  fig.  241.,  represent  such  a  snrfo.ce,  having  an  opening 
whose  edges  are  a  and  b,  and  let  c  be  a  centre  from  which  a  scries  of  pro- 
gressive circular  waves  is  propagated.     These  waves,  entering  at  tha 
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ipenmg  A  B,  will  continue  tlioir  courae 
uninterrupted,  forming  tte  circular 
arcs  D  E  But  around  A  and  B  as 
cputie"!,  systems  of  progressive  cir- 
cular wa^ea  will  be  formed  which 
will  unite  with  the  waves  d  e,  com- 
pleting them  by  circular  arcs  d  f  and 
E  P,  meeting  the  obstructing  surface 
on  the  outside;  but  these  circulai" 
waves  will  also  be  formed  throughout 
the  remainder  of  their  extent,  as  in- 
dicated in  the  figure,  on  both  sides 
of  the  obstructing  surface,  and  inter- 
secting, the  original  system  of  waves 
propagated  from  the  centre  o.  They 
will  fSso  form,  with  these,  series  of 
points  of  interference  according  to 
the  principles  already  explained. 

The  effects  here  described  as  pro- 
duced by  the  edgra  of  an  opening 
through  which  a  aeries  of  waves  is 
transmitted  are  called  inflection,  and 
it  will  appeal'  hereafter  that  they  form 
il  bracehes  of  physics  whose  theory  is 
based  upon  the  principles  of  nadulafion. 

813.  Undulation  of  the  waters  of  the  globe.  —  The  undulations 
produced  upon  a  large  scale  in  the  oceans,  laies,  rivers,  and  other 
hrge  collectinaa  of  water  upon  the  surface  of  the  globe,  are  attended 
w  th  important  effects  on  the  economy  of  nature  Without  these  the 
0  ean  would  be  soon  rendered  putiidbythe  miss  of  oigamaed  mattei 
iihich  would  be  mingled  with  it,  and  which  wonid  chiefly  floit  ■it  its 
suitace 

The  princijal  physical  eau=e  which  pindui,es  theae  undulation'), 
whtre  they  take  plioe  on  a  modeiate  s-oole,  is  the  motion  of  the  at- 
mospheie  but  on  a  large  scale  they  arc  produced  by  the  ccmbined 
effects  of  the  attraction  of  the  sun  and  moin  exerl«d  upon  the  sui- 
tiLC  of  the  ocean  The  immense  undulationa  excited  by  these  at- 
ti  ictions  produce  the  phenomena  ot  the  tidea,  which  will  be  explained 
more  fully  in  a  subsequent  part  of  this  work. 
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or   ELASTIC  rUTIDS. 

If  any  portion  of  tie  atmosphere,  or  any  other  elastic  fluid  diffused 
through  space,  bo  suddenly  compi-essed  and  immediately  relieved  from 
the  compresMiig  force,  it  will  expand  in  virtue  of  ita  elasticity,  and, 
like  all  other  samilar  examples  already  ^ven,  will,  after  its  expansion, 
exceed  its  fotmer  volume  to  a  certain  limited  esteut,  after  which  it 
will  again  contract,  and  thus  oscillate  alternately  on  tie  one  side  and 


814 

1 1 
d 
L  t 

V  d  I  t 
h   p   d 

PP 
f  h  If 

^frcet 
t        ph 

tun  to  th 

th  t    1 

h 
p    ds 

m  g 

h 

f 

1  It 

—  ^ 
f 

mp 

h 

a     d 

b 

d     f 

dl 

S 

11 
d 

,h 

h-af 

w 

f   m        Ite      tely   ph        wi  h      1     1  d  j,     t     th  li 

1 1    t  i    gth  th     so  II  t  d  t        mea  r    m        tly  f 

g     li 

Th        so  U  t        w  11      t  T         fi     1 1    th        5I     ph  re    f 
which  they  commenced ,  the  ciri,umambienf  air  will  neceL.&aiily  f  jllow 
the  contracting  sphere  when  first  compressed,  so  that  a  spherical  shell 
of  air  which  lies  outside  the  sphere  will  expand  and  hecome  less  dense 
than  in  its  state  of  equilibiium. 

When  the  central  sphere  again  expands,  this  external  spherical 
shell  will  contract,  and  will  hecome  more  dense  than  in  ila  state  of 
equilihrium.  This  shell  will  act  in  a  similar  manner  upon  another 
spherical  shell  outside  it,  and  this  npon  another  outside  it,  and  so  forth. 

If  then  we  suppose  a  number  of  suocessiife  spheres  surrounding  the 
point  of  original  compression,  we  shall  have  a  series  of  spherical 
shells  of  air,  which  will  he  alternately  condensed  and  expanded  in  a 
greater  degree  than  when  in  a  stat«  of  repose. 

This  condensation  and  espansion  thus  spreading  spherically  round 
the  original  centre  of  disturbance,  is  in  all  respects  analogous  to  a 
series  of  circular  waves  forming  round  the  central  point  npon  the 
surlace  of  a  liquid,  the  elevation  of  the  wave  in  the  case  of  the  liquid 
corresponding  to  the  condensation  in  the  ease  of  the  gas,  and  the 
depression  of  the  wave  corresponding  to  the  espansion  of  the  gas. 

815.  Analysis  of  the  propagation  of  an  undulation  through  an 
elastic  fiuid.  —  "We  will  limit  our  observations  in  the  first  instance  to 
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a  single  series  of  partdcles  of  wr,  expanding  in  a  straiglit  line  from 
the  centre  of  disturbance  A.,Jig.  242.,  towards  T.  Let  s  A  represent 
the  space  tlirough  which  the  disturbing  force  aots,  and  let  us  imagine 
this  ail'  suddenly  pressed  from  s  to  A  by  some  solid  surface  moving 
against  it,  and  let  us  suppose  that  this  motion  from  8  to  A  is  made  ia 
a  secoud.  Now,  if  aiv  were  a  body  devoid  of  elasticity,  and  like  a 
perfectly  ri^d  rod,  the  effect  of  this  motion  of  tlie  solid  surface  from 
s.to  A  would  be  to  push  ti.e  remote  extremity  t  through  a  space  to 
the  right  corresponding  with  and  equal  to  s  a. 

But  such  an  effect  does  not  take  place,  first,  because  air  is  highly 
elastic,  and  has  a  tendency  to  yield  to  the  force  eserted  by  the  solid 
surface  upou  it,  while  it  moyes  from  s  to  a  ;  and  secondly,  because  to 
transmit  any  effect  from  a  to  a  remote  point,  such  as  t,  would  require 
a  much  greater  intei-val  of  time  than  that  which  elapses  during  the 


Fig,  U2. 

moYCment  of  the  surface  from  a  to  A,  The  effect,  therefore,  of  the 
Q  the  interval  of  time  which  elapses  during  the  motion 
i  to  displace  the  particle  of  air  which  lie  at  a  certain 
D  Uie  right  of  A.  Let  this  distance,  for  example, 
be  A  B,  AH  the  particles,  therefore,  of  tur  which  lie  in  succession 
from  A  to  B  will  be  affected  more  or  less  by  the  compression,  and  will 
consequently  be  brought  into  closer  contiguity  with  each  other;  but 
they  win  not  be  equally  compressed,  because  to  enable  the  series  of 
particles  of  air  lying  between  A  and  b  to  assume  a  uniform  density 
requires  a  longer  time  than  elapses  dui-ing  the  motion  of  the  solid 
surface  from  8  to  A.  At  the  instant,  therefore,  of  the  arrival  of  the 
compressing  surface  at  A,  the  line  of  particles  between  A  and  B  will 
be  at  different  distances  from  each  other;  and  it  is  proved,  by  mathe- 
matical prinwpleB,  that  the  point  where  they  are  mMt  ol<«ely  com- 
pressed is  the  middle  point  m,  between  A  and  b,  and  therefore,  depart- 
ing from  this  middle  point  m,  in  either  direction,  they  are  less  and 


The  condition,  therefore,  of  the  air  between  A  and  B  is  as  follows. 
Ita  density  gradually  increases  from  A  to  m,  and  gradually  decreases 
from  m  to  B.  Now,  it  is  also  proved  that  the  effect  of  the  elastic 
force*of  the  wr  is  such  that,  at  tho  next  moment  of  time  after  the 
arrival  of  the  compressing  surface  at  A,  the  state  of  varying  compres- 
sion which  has  been  just  described  as  prevailing  between  A  and  b  wUi 
prevail  between  another  point  in  advance  of  A,  such  as  a',  and  a  point 
b'  equally  in  advance  of  B,  and  the  point  of  the  greatest  compression 
will,  in  like  manner,  have  advanced  to  m',  at  the  same  distance  to  the 
right  of  lit.     In  short,  the  conditions  of  the  air  between  a'  and  b' 
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will  bo  ill  all  respects  similar  to  its  condition  tie  previous  moment 
between  a  and  s ;  and  in  like  manner,  in  the  nest  moment,  the  same 
condition  will  prevail  between  the  particles  A"  and  b"  to  tlio  right  of 
A'andB'.  Noff,  it  must  be  observed  that  as  this  state  of  varying 
density  prevails  from  left  to  right,  the  air  behind  it,  iii  whioh  it 
formerly  prevailed,  resumes  its  primitive  condition.  la  a  word,  the 
state  of  varying  density  which  has  been  described  as  prevailing 
between  A  and  b  at  tte  moment  tho  compressing  surface  arrived  at  A 
will,  in  the  succeeding  njomentSj  advance  from  left  to  right  towards  t, 
and  will  so  advaiiee  at  a  imiform  rate  j  the  distance  between  the  points 
A  B,  A'  b',  and  a"  b",  &c.  always  remaining  the  same. 

8X6.  Aerinl  undulations. — This  interval  between  the  points  A  and 
B  is  called  a  wave  or  undulation,  from  its  analogy,  not  only  in  form, 
but  in  its  progressive  motion,  to  the  waves  formed  oa  the  surface  of 
liquids,  already  desoribed;  the  difference  being,  that  in  the  one  case 
the  centre  of  the  wave  is  the  point  of  greatest  elevation  of  the  snr- 
£tce'  of  the  liquid,  and  in  the  other  case  it  is  the  point  of  greatest 
condensation  or  compression  of  the  particles  of  tie  air.  The  distance 
between  A  and  b,  or  between  a'  and  b',  or  between  a"  and  B",  which 
always  remains  the  same  as  .the  wave  progresses,  ia  called  the  lenglh 
of  the  wave. 

In  what  precedes  wo  have  supposed  the  compressing  surface  to  ad- 
vance from  a  to  A,  and  to  produce  a  compression  of  the  air  in  advance 
of  it.  Let  us  now  suppose  this  surface  to  be  at  A,  the  air  contiguous 
to  it  having  its  natural  density. 

If  the  wave  proceed  contrarimise  from  a  to  S,  the  air  which  was 
contiguous  to  it  at  A  will  rush  after  it  in  virtue  of  its  elasticity,  so 
that  the  air  to  the  right  of  A  will  be  disturbed  and  rendered  less 
dense  than  previously.  An  effect  will  be  produced,  in  fine,  precisely 
contrary  to  that  which  was  produced  when  the  wave  advauced  from  s 
to  a;  the  consequence  of  which  will  be  that  a  change  will  be  made 
upon  the  air  between  A  and  b  exactly  the  reverse  of  that  which  was 
previously  made,  that  is  to  say,  the  middle  point  m  will  be  that  at 
which  the  rarefaction  will  he  greatest,  and  the  density  will  increase 
gradually,  proceeding  from  the  point  m  in  either  direction  towards  the 
points  A  and  B, 

The  same  observations  as  to  the  progressive  motion  will  be  appli- 
cable as  before,  only  that  the  centre  of  the  progression  m,  instead  of 
being  the  point  of  greatest  condensation,  will  be  the  point  of  least 
density. 

817.  Waves  condensed  and  rarefied.  —  The  space  Ae  is  also  in 
this  case  denominated  a  wave  or  undulation.  But  these  two  species 
of  waves  are  distinguished  one  from  the  other  by  being  denominated, 
the  former  a  condensed  wave,  and  the  latter  a  rarefied  wave.  Now, 
let  it  be  supposed  that  the  compressing  surface  moves  alternately  haclt- 
wards  and  forwards  between  b  and  a,  making  its  ezenrsions  in  equal 
86  ^.       421 
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iimes.  The  two  aeries  of  waves,  as  aLready  defined,  wiU  be  p 
in  succession.  Wliile  the  condensed  wave  moves  from  s  towarcls  T, 
fie  rarefied  wave  immediately  follows  it,  and  in  the  same  manuer  thia 
rarefied  wa^e  will  be  followed  by  another  condensed  ways,  produced 
by  the  nest  oscillation,  and  so  on. 

The  analogy  of  these  phenomena  to  the  progressive  undulation  on 
the  surface  of  a  liquid,  as  already  described,  is  obvious  and  striking. 

"What  baa  been  here  described  with  reference  to  a  single  lino  of 
particles  extending  from  the  centre  of  the  distance  a  in  a  particuUr 
direction,  is  equally  applicable  to  every  line  diver^ng  in  every  con- 
ceivable direction  around  such  centre,  and  hence  it  follows  that  the 
succession  of  condensed  and  rarefied  waves  will  be  propagated  round 
the  centre,  each  wave  forming  a  spherical  surface,  which  is  continu- 
ally progressive  and  uniformly  enlarges,  the  wave  moving  from  tie 
common  centre  with  a  uniform  motion. 

818.  Velocity  and  force  of  aerial  waves.  —  The  velocity  with 
which  such  undulations  are  propagated  tErough  the  atmosptere  de- 
pends on,  and  vaiies  with,  the  elasticity  of  the  fluid. 

The  degi-ee  of  compression  of  the  wave,  which  corresponds  to  the 
height  of  a  wave  in  the  case  of  liquids,  depends  on  the  energy  of  the 
disturbing  force. 

All  the  effects  which  have  been  described  in  the  case  of  waves 
formed  upon  the  surface  of  a  liquid  are  reproduced,  under  analogous 
conditions,  in  the  case  of  undulations  propagated  through  the  atoio- 

810.  Their  interference.  —  Thus,  if  two  series  of  waves  coincide 
as  to  their  points  of  greatest  and  least  condensation,  a  series  will  be 
formtd  whoso  greatest  condensation  and  rarefaction  is  d  te  min  d  by 
the  sum  of  points,  as  prevailing  in  the  separate  undul;  t  n  and  f 
the  two  series  are  so  arranged  that  the  points  of  greatest  cond  n  t  n 
of  the  one  coincide  with  the  greatest  rarefaction  of  th  th  nd 
vice  versd,  the  series  will  have  condensations  and  raref  t  n  d  t 
mined  by  the  difference  of  each  of  the  separate  series  1  n  ft 
if  in  thia  latter  case  the  condensation  and  rarefactions  h  qu  1  th 
undulations  will  mutually  eflace  each  other,  and  the  ph  f 

interference,  already  described  as  to  liquids,  will  be  rep    d      d 

As  the  undulations  produced  in  the  air  are  spread  ove  ph  cal  u 
faces  having  the  centre  of  disturbance  as  a  common  ce  t  th  m  ^ 
uitude  of  these  surfaces  will  bo  in  the  ratio  of  the  squares  of  their 
radii,  or  what  is  the  same,  of  the  squares  of  their  distances  from  the 
point  of  central  disturhance ;  and  as  the  intensity  of  the  wave  is 
diminished  in  proportion  to  the  space  over  which  it  is  diffused,  it  fel- 
lows that  the  effects  or  energy  of  these  waves  will  diminish  as  the 
squares  of  their  distances  from  the  centre  of  propagation  increase. 
422 
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BOOK  THE  EiailTH. 

SOUND. 


PRODUCTION   AND  rEOPAQATION   OE   SOUND. 

Sound  la  the  sensati™  proJuoed  m  the  organs  of  hearing  when 
tbey  aie  affected  hy  undalationa  trinfcmitted  through  the  atmosphere 
ainund  thLin  These  uudulation?  are  sabjeot  to  an  infinite  variety  of 
physical  conditions,  and  each  vanety  is  lollowed  by  a  different  aensa- 

520  Cause  of  scnsalton  of  sound  — To  investigate  the  manner 
iQ  which  the  'ensafnn  nf  sound  is  produced  by  the  vibrations  im- 
j.aited  to  the  tympanum  of  the  ear  by  the  undulations  of  tie  atmo- 
opheie  la  the  pio\ince  of  pliysiology ,  but  to  trace  the  connexion  be- 
tween tlie  various  sensations  of  which  we  are  conscious,  and  the  cor- 
lesi  ending  vaiiety  of  physical  conditions  affecting  the  undulafiona  of 
the  an  which  pioduee  them,  is  the  proper  business  of  physics. 

The  atmosphenc  undulations  which  thiia  produce  the  sensation  of 
sound  aie  themselves  excited  usually  by  the  vibration  of  some  elaelia 
bodies,  whoso  condition  of  equilibrium  la  momentarily  disturbed,  and 
which  impart  to  the  nir  in  contact  with  them  undulations  which  cor- 
lo^pond  with  and  are  determined  by  auch  vibration. 

The  vibiiting  bodies  which  thus  npart  undulat  n  to  tho  air  a  e 
L  Jled  Bounding  or  sonorous  bodies  and  the  a  s  sa  d  to  be  a  p  pa- 
gitor  or  conductor  of  sound,  and  is  somet  mes  oailel  t  sonile  o  s 
medium 

The  sonnding  bjdy  does  not  however  nvanably  t  n  a  d  t 
manner  uptn  thp  an  which  convey  tho  unduht  n  to  the  o  {,  n  of 
belling  It  often  happens  that  the  v  brat  n?  of  tho  o  nl  g  lody 
ire  fir^t  impartel  to  utJiei  bodies  use  pt  tie  of  vilrat  on  and  att 
passing  through  a  succeesiou  of  these  the  dulat  n  3  finally  m 
parted  to  the  air,  which  js  invariably  the  last  raed  um  m  th  a  es 
and  that  from  which  the  organ  of  hearing  leoeives  it. 

521  P  f  air  necessary  to  the  production  of  sound. — 
That  th  J  n  «  t  lir  or  other  conducting  medium  is  indispensable 
for  the  p   du  t  n  of  sound,  is  proved  by  the  following  experiment. 
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Let  a  siiirill  apparatus  called  an  alanim,  ooDaisting  of  a  bell,  tlie 
tongue  of  whict  is  goyevned  by  a  string,  be  placed  under  the  receiTer 
of  an  air-pump,  through  the  top  of  wbieh  a  rod  elides,  air-tight,  the 
end  of  the  rod  being  connected  with  a  detent  which  governs  the  mo- 
tion of  the  tongae  through  the  intervention  of  the  string.  This  rod 
can,  by  a  handle  placed  outside  the  receiver,  be  made  to  disengage 
the  string,  so  as  to  malie  the  bell  within  it  ring  whenever  it  is  de- 
sired. 

t  being  made,  and  the  alaium  being  placed  within 
,  upon  a  soft  cushion  of  wool,  so  as  to  prevent  the  vibra- 
tion from  being  communioated  to  the  pump-plate,  let  the  receiver  be 
eshawsted  in  the  usual  way.  When  the  air  has  been  withdrawn,  let 
the  beO  be  made  la  ring  by  means  of  the  sliding  rod.  No  sound 
will  be  heard,  although  tlie  percussion  of  the  tongue  upon  the  bell, 
and  the  vibration  of  the  bell  itself,  are  visible.  Now  if  a  little  air  be 
admitted  into  the  receiver,  a  faint  sound  will  begin  to  be  heai'd,  and 
this  sound  mill  become  gradually  louder  in  proportion  as  the  air  is 
gradually  readmitted. 

In  this  case  tie  vibrations  which  directly  act  upon  the  ear  are  not 
those  of  the  air  contained  in  the  receiver.  These  latter  act  upon  the 
receiver  itself  and  the  pump-plate,  producing  in  them  sympathetic 
vibration ;  and  those  vibrations  impwt  vibrafiocs  to  the  external  air 
which  are  transmitted  to  the  ear. 

If  in  the  preceding  esperiraent  a  cushion  had  not  been  interposed 
between  the  alarum  and  the  pnmp-pkte,  the  sound  of  tie  bell  would 
have  been  audible,  notwithstanding  tlie  absence  of  air  from  the  re- 
ceiver. The  vibration  in  this  ease  would  have  been  propagated,  first 
ftom  the  bell  to  the  pump-plate  and  to  the  bodies  in  contact  with  it, 
and  thence  to  the  external, air. 

822.  Ji  contimums  body  of  air  not  necessary.  —  Persons  shut  up 
in  a  close  room  are  sensible  of  sounds  produced  at  a  distance  outside 
such  room ;  and  they  may  be  equally  sensible  of  these,  even  tiougb 
the  windows  and  doors  should  be  al«olutely  air-tight.  In  such  case 
the  undulations  of  the  estemal  air  produce  sympathetic  vibration  on 
the  wmdows,  doors,  or  walls  by  which  the  hearers  are  enclosed,  and 
then  produce  corresponding  vibrations  in  the  wr  within  the  room,  by 
which  the  organs  of  hearing  are  immediately  affected, 

S23.  Propagation  of  sound  p-ogressive.  —  It  has  been  shown  ia 
the  last  Book  that  the  propagation  of  undulations  through  the  atmo- 
sphere  is  progi'essive ;  and  if  it  be  admitted  that  such  undulations  ai'e 
the  agencies  by  which  the  sense  of  heai-ing  is  affected,  it  will  follow 
that  an  interval  of  time,  more  or  less,  must  elapse  between  the  vi- 
bration of  the  sounding  body  and  the  perception  of  tie  sound  by  a 
hearer,  and  that  such  interval  will  be  proportionate  to  the  distance  of 
the  hearer  from  the  sounding  body,  and  to  the  velocity  with  which 
1  through  ^c  intervening  medium.  But  this  pro- 
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greasive  propagation  of  sound  can  also  be  directly  proTed  by  esperi- 

Let  a  series  of  observers,  A,  B,  0,  d,  &o-,  be  placed  in  a,  line,  at  di&- 
tances  of  about  1000  feet  asunder,  and  let  a  pbtol  be  discharged  at  P, 
about  1000  feet  from  the  first  observer. 


This  observer  will  see  tho  flash  of  the  pistol  about  one  bSf.  n  1  be 
fore  he  hears  the  report.  The  observer  b  will  hear  the  report  one 
second  after  it  has  been  beard  by  a,  and  about  two  seconds  after  he 
sees  the  flash.  In  the  same  manner,  the  third  observer  at  0  will  hear 
the  report  one  second  after  it  has  been  heard  by  the  observer  at  b 
and  two  seconds  after  it  has  been  heard  by  the  observer  at  a,  and 
three  seconds  after  he  perceives  the  flash.  In  the  same  way,  the 
fourth  observer  at  c  will  hear  the  report  one  second  later  than  it  was 
heard  by  the  third  observer  at  o,  and  three  seconds  later  than  it  waa 
heard  by  the  observer  at  A,  and  four  seconds  after  he  perceives  the 
flash. 

Now  it  must  be  observed,  (hat  at  the  moment  the  report  is  heard 
by  the  second  observer  at  b,  it  has  ceased  to  be  audible  to  the  first 
observer  at  A ;  and  when  it  is  heard  by  the  third  observer  at  o,  it  haa 
ceased  to  be  heard  by  the  second  observer  at  B,  and  so  forth.  It  fol- 
lows, therefore,  from  this,  that  sound  passes  through  the  air,  not  in- 
stantaneously, but  progressively,  and  at  a  unifonn  rate. 

824.  Breadth  of  sonorous  waves. — As  the  sensation  of  sound  is  pi-o- 
duced  by  the  wave  of  air  impinging  on  the  membrane  of  the  ear-drum 
exactly  as  the  momentum  of  a  wave  of  the  sea  would  strike  the  shore, 
it  follows  that  the  interval  between  the  production  of  sound  and  its 
sensation  is  the  time  which  such  a  wave  would  taice  to  pias  through 
the  air  from  the  sounding  body  to  the  ear;  and  since  these  waves  are 
propagated  through  the  air  in  regular  succession,  one  following  an- 
h  without  overlaying  each  other,  as  in  the  case  of  waves  upon  a 
Iiq  ud  tl  breadth  of  a  wave  may  .always  be  determined  if  we  take " 
th  n  mb  r  of  vibrations  which  the  sounding  body  makes  in  a  second, 
and  th  elocity  with  which  the  sound  passes  through  the  air.  If, 
f  X  mple,  it  be  known  that  in  a  second  a  musical  string  make  500 
1  t  n  and  that  the  sound  of  this  string  take  a  second  to  reach 
th  ea  fa  person  at  a  distance  of  1000  feet,  there  are  500  waves  in 
tb  list  nee  of  1000  feet,  and  consequently  each  wave  measures  two 
ft  '  ^ 

Th  loeity  of  the  sound,  therefore,  and  the  rate  of  vibration,  are 
alw  y       ffieient  data  by  which  the  length  of  a  sonorous  wave  can  be 

8        DisUnciion  belween  musical  sounds  and  ordinary  sounds.  — 

It  ha        t  been  ascertained,  with  any  clearness  or  certainty,  by  what 
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physical  distinctions  vibrations  whieli  produce  i 
noises  arc  distinguislied  from  such  as  produce  musical  sounds.  It  is 
nevertheless  certa,in,  that  a,\l  vihrations,  in  proportion  as  they  are 
regular,  uOlform,  and  equa!,  produce  Eounda  propoi-tionably  more 
agreeable  and  musical. 

Sounds  are  distinguished  from  each  other  by  their  pitch  or  tone,  in 
virtue  of  which  they  are  high  or  low ;  by  their  intensity,  in  virtue  of 
which  they  are  loud  or  soft ;  and  by  a  property  expressed  in  French 
by  the  word  linihre,  which  we  shall  here  adopt  in  the  absence  of  any 
English  equivalent. 

826.  Pitch  of  a  sound.  —  The  pitcli  or  tone  of  a  sound  is  grave  or 
aaute.  In  the  former  case  it  is  low,  and  in  the  latter  high,  in  the 
musical  scale.  It  will  be  shown  hereafter  that  the  physical  condition 
which  determines  this  property  of  sound  is  the  rate  of  vibration  of  the 
sounding  body. 

The  more  rapid  the  vibrations  ai-e,  the  more  acute  will  be  the 
sound,     A  baas  note  is  produced  by  vibrations  much  less  rapid  than 

"      ■   will    1      be   hw     thtth     1  ngtU  of 

th    rat     f  vib    t   a    t  th    body  which 
te    f     b    t        th    1    g     will  be  the 
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7    /'    SI  y"  I  id        — Th       te     ty    f  d        ladegree 

f  1    1    'B  d  p    d         th    f       w  h  wh  h  th   vib   f     s  of  the 

d    g  b  dy        m  d        d  [      tlj     f       tl     d  g       of  con- 

1       t       p    d  eed    t  th        d  11     f  th  w  Waves  of 

1    1  1    gth  b  t  h  VI  g  d  ft       t  d  f        1       t       at  their 

t       will  podw      te     fth       mj-thbtfdfi       t  degrees 

f  1    d  prop    t       to       hdg  f       daat 

°-  ^    Tl    hr    f  I  — Th    tmb       f  d       not  easily 

J 1       d       d   1 11  1  ly         th    phy  tal        d  1  u  which 

Jjdbastad      Ifwh      tli    sam    m        1  note  pio- 

Jdthth       mdg        fld&s  adj        tm  sucoea- 

ly    p        fit         1  t      d      h    tb  J    w     h  1!  w  thout  the 

least  hesitation,  distinguish  the  one  instrument  from  the  other      jSJow 

this  distinction  is  made  by  observing  some  peculiarity  in  the  notes 

produced,  yet  the  notes  shall  be  the  same,  and  be  produced  with  equal 

loudness. 

This  property,  by  which  the  one  sound  is  distinguished  from  the 
other,  is  called  the  timhre. 

829.  All  sounds  propagated  wilh  the  same  velocity.  —  All  sounds, 
whatever  be  their  pitch,  intensity,  or  timbre,  are  propagated  through 
the  same  medium  with  the  same  velocity.  That  this  is  the  case,  is 
manifest  from  the  absence  of  all  confusion  in  the  effects  of  music,  at 
whatever  distance  it  may  be  heard.     K  the  different  notes  simulta- 
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neously  produced  bj  the  various  instruments  of  an  orcliestra  moved 
with  differeat  velocities  through  the  air,  they  would  be  heard  by  a 
distant  auditor  at  different  moments,  tke  consequence  of  which  would 
be,  that  a  musical  performance  would,  to  the  auditors,  save  those  in 
immediate  proximity  with  the  performers,  produce  the  most  intole- 
rable confusion  and  oacophouy ;  for  different  notes  produced  simulta- 
neously, and  which,  when  heard  together,  form  hai'mony,  would  at  a 
distance  be  heard  in  succession;  and  sounds  produced  in  succession 
will  be  heard  as  if  produced  together,  according  to  the  different  velo- 
cities with  which  each  note  wouM  pass  through  the  air. 

830.  Experiments  on  the  velocity  of  sound.  —  The  velocity  of 
sound  varies  with  the  elasticity  of  the  medium  by  which  it  is  pro- 
pagated. Its  velocity,  therefore,  through  the  air  will  vary,  more  or 
less,  with  the  barometer  and  thermometer. 

The  experimental  methods  which  have  been  adopted  to  ascertain 
the  velocity  of  sound  are  similar  in  principle  to  those  which  have 
been  briefly  noticed  by  way  of  illustration.  The  most  estensive  and 
accurate  system  of  esperiments  which  have  been  made  with  this  ob- 
ject, were  those  made  at  Paris  by  the  Board  of  Longitude  in  the 
year  1822.  The  sounding  bodies  used  on  this  occasion,  were  pieces 
of  artillery  charged  with  from  two  to  three  pounds  of  powder,  which 
were  placed  at  Yillejuif  and  MontJbery.  The  experiments  were 
made  at  midnight,  in  order  that  the  flash  might  be  more  easily  and 
accurately  noticed.  They  were  conducted  by  MM.  Prony,  Arago, 
Mathieu,  Humboldt,  Gay  Luasac,  and  Bonvard.  The  result  of  these 
esperiments  was,  that  when  the  barometer  was  at  29-8  inches,  and 
the  thermometer  at  61°,  the  velocity  of  sound  was  1118-39  feet  pei- 
second. 

By  i^lculatim  it  i-  ascertained,  that  it  the  temperiture  of  50°,  tl  i, 
velonty  wonJd  be  1106  58  feet  par  second,  and  at  i>2°,  the  vektity 
would  be  1086  37  feet  per  second 

Thus  it  tppears,  thit  between  50°  and  61°  the  velocity  of  sound 
moreisea  about  1  07  teet  per  secmd  tor  every  degiee  which  tbo 
thtrm  metei  risef,  and  between  oQ°  and  -!2°  jt  increa'seB  jt  thi, 
mean  lato  of  1  12  feet  pet  second  foi  each  degree  m  the  rise  of  th^ 
theimometei 

831  Method  of  eslimaftng  the  df^tanre  of  a  soundtng  body  hj 
velucity  of  sound  — The  vUooity  of  sound  being  known,  the  dii 
tanoe  of  a  sounding  body  can  alwayt,  be  oomputei  by  tompirm^ 
the  raomtnt  the  sound  is  produced  with  the  moment  at  which  it  is 
heaid 

The  pioductim  rf  sound  ii  m  many  cases  ittended  with  the  e\ 
lotion  of  light  aa,  tn  esample,  in  fiie  ^ims  and  explosion*  geneiilU 
and  m  the  case  of  atmospheric  eleotiicity  In  these  case'),  by  noting 
the  interval  between  the  flash  and  the  report,  and  multiplying  the 
Bumbei  ot  seconds  in  each  interval  by  the  number  of  feet  pei  aecon  1 
N  4^7 
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ia  the  velocity  of  sound,  the  distance  cau  he  ascertained  with  great 
precision.  Thus,  if  a  flash  of  lightning  be  seen  ten  seconds  before 
the  thunder  ■which  attends  it  is  heard,  and  the  atmosphere  be  in  auch 
condition  that  the  -velocity  of  sound  is  1120  feet  per  second,  it  is  evi- 
dent that  the  distance  of  the  cloud  in  which  the  electricity  is  evolved 
must  be  11,200  feet. 

Among  the  numerous  discoveries  bequeathed  to  the  world  by  New- 
ton, was  a  calculation,  by  theory,  of  the  velocity  with  which  sound 
was  propagated  through  the  shr.  This  calculation,  based  upon  the 
elasticity  and  temperature  of  the  air,  gave  as  a  result  about  one-sixth 
less  than  that  which  resulted  from  esperiments. 

This  discrepancy  remained  without  satisfactory  explanation  until  it 
was  solved  by  Laplace,  who  showed  that  it  arose  from  the  fact  that 
Newton  had  neglected  to  take  into  account,  in  his  comput-ation,  the 
effects  of  the  heat  developed  and  absorbed  by  the  alternate  compres- 
sion and  rarefiiction  of  the  air  produced  in  the  sonorous  undulations. 
Laplace,  taking  account  of  these,  gave  a  formula  for  the  velocity  of 
sound  which  corresponds  in  its  resists  exactly  with  experiment. 

832.  £;ll  gases  and  vapours  C(mduct  sound  —  experimental  iliuS' 
tralion. — As  all  elastic  fluids  are,  in  common  with  air,  susceptible  of 
undulation  they  are  equally  capable  of  transmitting  sound. 

This  may  be  rendered  experimentally  evident  by  the  following 
11  Pins  Let  the  alarum  be  plieed  under  the  receiver  of  an  air-pump, 
Ti  aheidy  deionbel,  and  let  the  receiver  be  exhausted.  If,  instead 
ot  introducing  atmospheno  aar  into  the  receiver,  we  introduce  any 
other  elaatic  fluid,  the  sound  of  the  alarum  will  become  gradually 
in  lible,  according  to  the  quantity  of  such  fluid  which  is  introduced 
under  the  receivei  If  a  drop  ot  any  liquid  which  is  easily  evapo- 
iittd  be  introduced,  the  atmosphere  of  vipour  which  is  thus  pro- 
dii(,ei  will  also  render  the  ilarum  audible 

b33  The  tnlensity  of  a  sound  increases  with  the  density  of  the 
propagating  medium. — The  same  sounding  body  will  produce  a  louder 
or  lower  sound,  according  as  the  density  of  the  air  which  surrounds  it 
is  increased  or  diminished.  In  the  experiment  already  explained,  in 
which  the  alarum  was  placed  under  an  exhausted  receiver,  the  sound 
increased  in  loudness  as  more  and  more  air  was  admitted  within  the 
receiver.  If  the  alarum  had  been  placed  under  a  condenser,  and 
highly  compressed  air  collected  round  it,  the  sound  would  be  still 
further  increased. 

When  persons  descend  to  any  considerable  depth  in  a  diving-bell, 
the  atmosphere  around  them  is  compressed  by  the  weight  of  the 
column  of  water  above  them.  In  such  circumstances,  a  whisper  is 
almost  as  loud  as  the  common  voice  in  the  open  air,  and  when  one 
speaks  with  the  ordinary  force  it  produces  an  effect  so  loud  as  to  be 
painful. 

On  the  summit  of  lofty  mountains,  where  the  barometiio  column 
428 
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falls  to  one-half  its  usual  elevation,  and  where  therefore  the  air  ia 
highly  rarefied,  sounds  are  greatly  diminished  in  intensity.  Persona 
who  osceod  in  balloons  find  it  necessary  to  speak  with  much  greater 
exertion,  and  as  would  be  said  louder,  iu  order  to  render  themselrea 
audible.  When  Saussure  ascended  Mont  Blano,  he  found  that  the 
report  of  a  pistol  was  not  louder  thaa  a  common  cracker. 

834.  Calm  air  favourable  to  Ihe  propagation  of  sound. — Violent 
winds  and  other  atmospheric  agitations  alfeot  Uie  transmission  of 

g  wind  blows  froui  the  hearer  towards  the  sounding 
"le  heard  which  would  be  distinctly  audible 

i  calm.  A  tranquil  and  frosty  atmosphere  placed  over  a  smooth 
and  level  surface  is  favourable  to  the  transmi^on  of  sound.  Lieu- 
tenant Forster  held  a  conversation  with  a  person  on  the  opposite  ade 
of  the  harbour  of  Port  Bowen,  ia  the  third  polar  expedition  of  Sir 
Kdward  Parry,  the  distance  between  the  speakers  being  moce  than  a 
mile. 

It  is  swd  that  the  sound  of  the  cannon  at  the  battle  of  Waterloo 
was  heard  at  Dover,  and  that  the  cannon  ia  naval  engagements  iu  the 
English  Channel  have  been  heard  in  the  centi-e  of  England. 

835.  Transmission  of  sound  through  liquids  and  solids. — Liquids 
are  also  capable  of  propagating  sound.  Kvers  can  render  themselves 
audible  at  the  surface  of  the  water;  and  stones  or  other  objects  struck 
together  at  the  bottom  produce  a  sound  audible  at  the  surface. 

It  appears  from  the  experiments  of  M.  Colladon,  made  at  Geneva, 
that  sounds  are  transmitted  througli  water  to  great  distances  with 
greater  force  than  tlirougli  air,  A  blow  struck  under  the  water  of 
the  Lake  of  Geneva,  was  distinctly  heard  across  tie  whole  breadth 
of  the  lake,  a  distance  of  nine  miles. 

Solid  bodies,  such,  as  walls  or  buildings,  interposed  between  the 
Bounding  body  and  the  hearer,  dimiaisii  the  louduess  of  the  sound, 
but  do  not  obstruct  it  when  the  sound  is  made  in  airj  but  it  appears 
from  the  esperiments  of  M.  CoUadon,  that  the  interposition  of  such 
obstacles  almost  destroys  the  transmission  of  sound  in  water. 

836.  Interference  of  sonorous  waves,  —  iieo  sounds  mayproduce 
sih^^e.  — When  two  series  of  sonorous  undulations  propagated  from 
different  sounding  bodies  intersect  each  other,  the  phenomena  of  in- 
terference esplained  ia  the  theory  of  undulation  are  produced,  and  aa 
ear  placed  at  such  a  point  of  interference  will  not  be  affected  by  any 
sense  of  sound,  so  long  as  the  two  sounding  bodies  continue  to  vibrate; 
but  the  moment  the  vibration  of  either  of  the  two  is  discontinued, 
the  other  will  become  audible.  Thus,  it  appears  that  two  sounds 
reaching  the  ear  together,  instead  of  producing,  as  might  be  espected, 
a  louder  sound  than  either  would  produce  alone,  may  altogether  de- 
stroy each  other  and  produce  silence. 

This  phenomenon  is  precisely  analogous  to  the  case  of  two  series  of 
•129 
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wa\es  furnieJ.  upon  the  suifaee  of  tlie  same  liquid,  at  a  point  whero 
the  elevation  of  t.  wa\e  of  one  series  coincides  witli  the  dcpresiion  of 
a  wive  of  the  othei 

If  two  sounding  bodies  were  placed  in  the  foci  of  an  ellipse,  as 
lepiosenti''!  vijig  236 ,  an  eav  placed  on  anj  of  the  lines  of  inter- 
ference theie  indicated  w>uld  he  conscious  of  no  sound;  hut  the 
moment  that  either  of  the  two  sounding  bodies  became  silent,  the 
othei  would  he  heard ,  oi  if  the  ear  of  the  listener  were  removed  to 
a  position  midway  hetween  two  lines  of  interference,  tlien  both  sounds 
would  he  heaid  simultaneously,  and  combined  would  be  louder  than 
eithtr  alone 

837  ExpLrtmental  illustration  of  interference  of  sound.  —  This 
phtnomenon  of  intcrfrience  may  be  produced  in  a  striking  manner 
}  y  moans  of  the  oommoa  tuning-fork,  used  to  regulate  the  pitch  of 
jBusiLal  instiuraents 

Let  \  and  B,  fig  243  ,  be  two  cylindrical  glass  vessels,  held  at  right 
angles  to  each  other,  and  let  the  tuning-fork, 
aftgr  it  has  been  put  in  vibration,  he  held  in 
the  middle  of  the  angle  formed  by  their 
mouths.  Although,  under  such  eircnmstances, 
the  Tibration  of  the  tuning-fork  will  be  im- 
part^ to  the  columns  of  air  included  within 

the  two  ojlindera,  no  sound  will  he  heard;  but 

PI     243  '^  either  cylinder  be  removed,  the  sound  will 

be  distincdy  audible  in  the  other.  In  this 
ciise,  tte  silence  produced  by  the  combined  sounds  is  the  consequence 
of  interference. 

Another  example  of  this  phenomenon  may  be  produced  by  the 
tuning-fork  itself  If  this  insfiTiment,  after  being  put  into  vibration, 
be  held  at  a  great  distance  from  the  ear,  and  slowly  turned  round  its 
asis,  a  position  of  the  prongs  will  be  found  at  which  the  sound  will 
become  inaudible.  This  position  will  correspond  to  the  points  of  in- 
terference of  the  two  systems  of  undulation  propagated  from  the  two 
prongs. 

838.  Examples  of  sound  propagaf^A  hy  solids.  —  Solids  which 
possess  elasticity  have  likewise  the  power  of  propagating  sound.  If 
the  end  of  a  beam  composed  of  any  solid  possessing  elasticity  be  lightly 
scratched  or  rubbed,  the  sound  will  be  distinct  to  an  ear  placed  at  the 
other  end  although  the  same  "tound  would  not  he  audible  to  the  ear 
ot  the  person  whj  pioduues  it,  and  who  is  contiguoua  to  the  place  of 
its    rigin 

The  earth  itself  conducts  scund  so  as  to  render  it  sensible  to  the 
ear  when  the  air  f  iih  to  do  Vi  It  is  well  known,  that  the  approach 
of  a  troop  cf  hoise  can  bo  heard  at  a  distance  by  putting  the  ear  to 
the  giound  In  volcanic  countnes  it  is  said  that  the  rumbling  noiae 
whiui  IS  aoualiy  the  prognostic  of  an  eruption  is  first  heard  by  the 
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beasts  of  the  field,  because  tbeir  ears  are  generally  near  tlie  ground, 
and  they  tKcn  by  their  agitation  and  alai'm  dve  warning  to  the  in- 
habitanta  of  the  approaching  catastrophe.  Savage  tribes  aio  well 
known  to  practise  this  method  of  ascertaining  the  approach  of  persons 
from  a  great  distance. 

The  velocity  with  whicb  sorind  is  propagated  through  difierent 
media  varies  with  their  different  physical  conditions. 

la  the  following  table  aro  given  the  velocities  with  which  sound  is 
propagated  through  the  several  liquids  therein  named,  the  temperature 
being  50". 


TABLE. 
.  Velocities  op  Sol'nb  in  Liquids  at  50°  Fahk. 
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841.  Effects  ofelaslicily  of  air.  —  The  velocity  with  wticli  sound 
is  transmitted  through  the  air  varies  with  its  elasticity;  and  where 
different  strata  are  rendered  differently  elastio  by  the  uneqiial  radia- 
tion of  heat,  the  agency  of  electricity  or  other  causes,  the  transmission 
of  sound  will  be  irregular.  In  passing  from  stratum  to  stratum  differ- 
ing in  elasticity,  the  speed  with  which  sound  is  propagated  is  not  only 
varied,  but  the  force  of  the  intensity  of  tie  undulations  is  diminished 
by  the  combined  effects  of  reflection  and  interference,  so  that  the 
sound,  on  reaching  the  ear,  after  passing  through  such  varying  media, 
is  often  very  much  diminished. 

The  fact,  that  distant  sounds  are  more  distinctly  heard  by  night 
than  by  day,  may  be  in  pai-t  accounted  for  by  this  oircumstance,  the 
strata  of  the  atmosphere  being  during  the  day  exposed  to  vicissitudes 
of  temperature  more  varying  than  during  the  night. 

842.  Biot'a  experiment  on  the  relative  velocities  of  sound  in  air 
and  metal.  —  The  relative  velooitiea  of  sonnd,  as  transmitted  by  air 
and  by  metal,  are  illustrated  by  the  following  remarkable  esperiment 
of  Eiot ;  —  A  bell  was  suspended  at  the  centre  of  the  mouth  of  a 
metal  tube  3000  feet  long,  and  a  nng  of  metal  was  at  the  same  time 
placed  clobe  to  the  metal  forming  the  mouth  of  the  tube,  so  that  when 
the  ring  was  sounded  its  vibrations  might  affect  the  metal  of  the  tube, 
and  when  the  bell  was  sounded  its  vibrations  might  affect  only  tho  air 
included  within  the  tube.  A  hammer  was  so  adapted  as  to  strike  tho 
ring  and  the  belt  eimnllaneously.  When  this  was  done,  an  ear  placed 
at  the  remote  end  of  the  tube  heard  the  sound  of  the  ring,  and  after 
a  considerable  interval  heard  the  sound  of  the  bell. 

843.  ChladnVs  experiment  on  hearing.  —  The  solids  composing 
the  body  of  an  animal  are  capable  of  transmitting  the  sonorous  un- 
dulations to  the  organ  of  bearing,  even  though  tho  air  surrounding 
that  organ  be -excluded  from  com  raunioating  with  the  origin,  of  the 

Ohladni  showed  that  two  persons  stopping  their  ears  could  converse 
with  each  other  by  holding  the  same  stick  between  their  teeth,  or  by 
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resting  tlieir  teeth  upon  tha  same  solid.  Tlie  same  effect  was  pro- 
duced when  tha  atiolt  was  pressed  against  tto  breast  or  tlie  tliroat,  and 
other  parts  of  the  body. 

If  a  person  speak,  directing  his  moutii  into  a  vessel  composed  of 
any  vibratory  suhstaaoe,  euoh  as  glass  or  porcelain,  the  other  stopping 
his  ears,  and  touching  auch  vessel  with  a  stick  held  between  hJs  teeth, 
he  will  hear  the  words  spoken. 

The  same  effect  will  take  place  with  vessels  composed  of  metal  or 

If  two  persons  hold  between  their  teeth  the  same  thread,  stopping 
their  ears,  they  would  hear  each  other  speak,  provided  the  thread  bo 
stretched  tight, 

844.  Loudness  impendent  on  distance.  — It  has  been  shown  that 
while  the  pitch  of  a  sound  depends  upon  the  length  of  the  sonorous 
wave,  or,  what  is  the  same,  the  number  of  waves  which  strike  the  eai 
per  second,  the  loudness  depends  on  the  degree  of  condensation  or 
rarefaction  produced  in  each  such  wave;  but  the  loudness  is  also  de- 
pendent on  the  distance  of  the  hearer  from  the  sounding  body;  and 
therefore,  whea  it  is  stated  that  it  is  proportional  to  the  condensation 
and  rarefaction  of  the  sonorous  waves,  the  estimate  must  be  under- 
stood to  be  applied  to  sounds  heard  at  the  same  distance  from  Qx&t 
origin. 

In  explaining  the  general  theory  of  undulations,  it  haa  been  shown 
that  as  the  undulation  spreads  round  the  centre  from  which  it  ema- 
nates, its  intensity  diminishes  as  the  square  of  the  distance  is  aug- 
mented; and  this  general  principle  consequentiy  becomes  applicable 
to  sonorous  undnlations;  and  therefore,  when  other  things  are  the 
same,  the  intenaty  or  loudness  of  the  sound  diminishes  in  the  same 
proportion  as  the  square  of  the  distance  of  the  hearer  from  the  sound- 
ing body  is  augmented.  Thus  in  a  theatre,  if  the  linear  dimensions 
be  doubled,  other  arrangements  being  the  same,  the  loudness  of  the 
performers'  voices,  as  heard  at  any  part  of  its  circumference,  will  be 
diminished  in  a  fourfold  proportion. 


CHAP.  II. 

VIBaATIONS  OF   MUSICAL   SOUNDS. 

845.  The-  monochord.- — Of  the  various  forms  of  apparatus  which 
have  been  contrived  for  the  production  of  musical  sounds  with  a  view 
to  the  experimental  illustration  of  their  theory,  that  which  is  best 
adapted  for  this  purpose  are  those  which,,ucdor  various  denominations, 
433 
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coBsist  of  strings  suLnjittad  to  tension  over  a  sonnding-lioaril.  An 
mstrnment  of  tbis  form,  consisting  of  a  single  string,  and  called  a 
monochord  or  sonometer,  is  represented  injig.  244. 


Fig.  S14. 

string  of  catgut  or  wire  attached  to  a  fixed  point  at  c,  carried  over  a 
pulley  at  m,  and  stretcbed  by  a  known  weighty.  Under  the  string 
IS  a  hollow  bos  or  sounding-board,  to  the  frame  of  which  the  pulley 
m  is  attached.  The  string  resta  upon  two  bridges,  ono  of  which/  is 
fixed,  and  the  other  h  can  be  moved  with  a  sliding  motion  to  or  from 
f,  so  aa  to  vary  at  pleasure  the  length  of  the  part  of  the  string  in- 
cluded between  the  two  bridges. 

A  divided  scale  is  placed  under  them,  so  that  the  length  of  the 
vibrating  part  of  the  string  may  be  regulated  at  pleasure.  By  vary- 
ing the  weight  p,  the  tension  of  the  string  may  be  increased  or  dimin- 
ished in  any  desired  proportion.  This  may  be  accomplished  with 
facility  by  circular  weights  which  are  provided  for  the  purpose,  and 
which  may  be  slipped  upon  the  stem  a  of  the  weight  p.  By  means 
of  this  apparatus,  the  relation  between  tie  various  notes  of  the  musi- 
cal scale  and  the  rate  of  vibration  by  which  they  are  respectively  pro- 
duced, have  been  ascertained. 

846.  Its  appUcaiion'to  determine  the  rates  of  vibrations  of  musi- 
cal notes.  —  It  baa  been  shown  (794.)  that  the  rate  of  vibration  of  a 
string  snob  as  that  of  the  monochord  is  inversely  aa  its  length,  other 
things  being  the  same.  Thus,  if  its  length  be  halved,  its  rate  of 
vibration  is  doubled  j  if  its  length  be  diminished  or  increased  in  a 
three-fold  proportion,  its  rate  of  vibration  will  be  increased  or  dimin- 
ished in  the  same  proportion;  and  so  forth. 

Let  the  bridges  be  placed  at  a  distance  from  each  other  as  great  as 
the  apparatus  admits,  and  let  the  weight  which  stretj^hes  the  string  be 
so  adjusted,  that  the  note  produced  hj  vibrating  the  string  shall  cor- 
respond with  any  proposed  note  of  the  musical  scale;  such,  for  example. 


,  the  low  0  of  the  treble  o 


This  being  done,  let  the 
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laoTCablc  bridge  be  moved  towards  the  fixed  bridge,  continually  sound- 
ing tlie  string  until  it  produces  the  octave  above  the  note  first  sounded, 

that  ia,  until  it  produces  the  middle  o  ^^—  of  tie  treble. 


If  the  length  of  the  Bfdag  be  now  ascertained  by  reference  to  the 
scale  of  the  monochord,  it  will  be  found  to  bo  precisely  one-half  its 
original  length. 

847.  A  double  rate  of  vibration  produces  an  octave.  —  Hence  it 
follows,  that  the  same  string  will  sound  aa  octiive  higher  if  the  length 
is  halved.  But  it  has  already  been  shown  that  the  rate  of  vibration 
will  be  doubled  when  the  length  of  the  Btring  is  halved.  Hence  it 
follows,  that  two  sounds,  one  of  which  is  an  octave  higher  than  the 
other,  will  be  produced  by  vibrations,  the  rate  of  which  will  be  in 
the  proportion  of  2  to  1 ;  and,  consequently,  the  length  of  the  undu- 
lation producing  the  lower  note  will  be  double  that  of  the  undulation 
producing  the  higher  note. 

848.  Rales  of  vibration  for  other  intervals.  —  If,  instead  of  moT- 
ing  the  bridge  A  to  the  point  necessary  to  produce  the  octavo  to  the 
fundamental  note  o,  it  be  moved  successively  to  such  positions  that 
the  string  shall  produce  the  successive  notes  of  the  boeuc  between  it 
and  its  octave,  the  lengths  of  the  string  being  noted  by  reference  to 
the  scale,  it  will  be  found  that  they  will  be  respectively  those  which, 
are  inscribed  below  the  annexed  scale  under  the  notes  severally.  The 
length  of  the  string  producing  the  fundamental  nof«  C  is  assumed  to 
be  1,  the  fractions  expressing,  with  reference  to  this  length,  the  lengths 
which  are  found  to  produce  the  successive  notes  of  the  scale  severally. 

Let  the  seven  successive  notes  of  the  gamut  bo  cxpre^ed  as  fol- 
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The  names  given  by  continental  writers  to  these  seven  notes  are 
those  written  beneath  them  in  the  upper  line — ut,  re,  mi,  fa,  so!,  la, 
si,  nt;  but  those  by  which  they  are  most  generally  known  in  England 
are  the  letters  of  the  alphabet  inscribed  in  the  lower  line,  the  funda- 
mental note  being  o,  and  the  succeeding  ones  designated  by  the  letters 
inscribed  beneath  them. 

Let  us  suppose,  then,  that  the  monochord  produces  this  fundaraen 
tal  note  c,  and  that  the  moveable  bridge  be  then  advanced  ^towards  the 
fis£d  bridge  so  as  to  shorten  the  string  vmtil  it  produces  the  note  Q, 
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It  will  he  found  that  its  lengtb.  will  be  reduced  ^th,  and  that,  conse- 
quently, the  length  necessary  to  produce  the  note  d  will  be  |tli8  of 
that  which  produces  the  note  c.  Let  the  bridge  be  now  advanced 
until  the  string  sound  the  note  e;  its  length  wiE  then  be  |tlis  of  that 
which  produces  the  fundamental  note.  In  the  same  manner,  being 
I'ui'ther  shorteued,  let  it  produce  the  note  p;  its  length  will  be  ^tha 
of  ita  original  length.  In  the  same  manner,  the  lengths  of  the 
string  corresponding  to  each  of  the  successive  notes  of  the  gamut, 
will  be  found  to  be  expressed  by  the  fractions  which  aio  written  in 
the  above  diagram  under  the  notes  severally. 

But  since  the  number  of  vibrations  per  second  is,  by  the  prinei- 
ples  already  established,  in  the  inverse  ratio  of  the  length  of  the 
string,  it  follows,  that  if  the  number  of  vibrations  per  second  corre- 
sponding to  the  fiindamental  note  o  be  espressed  by  1,  the  number 
of  vibrations  per  second  corresponding  to  the  other  notes  successively 
will  be  as  follows : — 


1  I  ^  ^  J  *  V  2 

The  meaning  of  which  is,  that  in  prcduciag  the  note  d,  nine  vibra- 
tions will  be  made  in  the  same  time  that  eight  are  made  by  the  note 
c.  In  like  manner,  when  the  note  E  is  sounded,  five  of  its  vibrations 
correspond  to  four  of  C,  four  vibrations  of  F  correspond  to  three  of  C, 
three  vibrations  of  G  con-espond  to  two  of  c,  five  vibrations  of  A  cor- 
respond to  three  of  c,  fifteen  vibrations  of  B  correspond  to  eight  of 
c,  and,  in  fine,  two  vibrations  of  the  octave  o  correspond  to  one  of 
the  fundamental  o. 

The  relative  numbers  corresponding  to  the  notes  of  one  ootave  be- 
ing known,  those  of  the  octaves  higher  or  lower  in  the  musical  scale 
can  be  easily  calculated. 

It  appears  from  what  has  been  already  proved  that  the  note  which 
is  an  octave  higher  than  the  fundamental  note  is  produced  by  a  rate 
of  vibration  twice  as  rapid;  and  this  principle  would  equally  apply  to 
any  other  note.  We  shall,  therefore,  always  find  the  rate  of  vibra- 
tion of  a  note  which  is  an  octave  above  a  ^ven  note  by  multiplying 
the  rate  of  vibration  of  the  given  note  by  2;  and  eonsec(uently,  to 
find  the  rate  of  vibration  of  a  note  an  octave  lower,  it  will  only  be 
necessary  to  divide  the  rate  of  vibration  of  the  given  note  by  2.  If, 
therefore,  it  be  desired  to  find  the  rate  of  vibration  of  the  series  of 
notes  continued  upwards  beyond  the  series  given  in  the  preceding  dia- 
gram, it  will  only  be  necessary  to  multiply  the  numbers  in  the  pre- 
ceding series  by  2. 

849.  Physical  cause  of  harmony.  —  If  these  results  be  compared 
with  the  effect  produced  upon  the  ear  by  the  combinatioji  of  iLcse 
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muaical  notes  Bounded  in  pairs,  we  shall  discover  tbe  pliyslca!  cause 
of  iJioae  agreeable  aensatioQS  denominated  harmony,  and  the  opposite 
sensations  denominated  discord, 

TUe  most  perfect  harmony  is  that  of  the  ootave,  which  is  so  com- 
plete as  to  ha  nearly  equivalent  to  unison.  Now  the  fundamental 
note  0  produced  simultaaeously  with  its  octave  is  attended  by  two 
series  of  yibratjoas,  of  which  two  of  the  octave  oorreapoad  to  one  of 
the  fundamental  note.  It  follows,  therefore,  that  the  commencement 
of  every  alternate  vibration  of  the  upper  note  coincides  with  the  com- 
mencement of  a  vibration  of  the  lower. 

Next  to  the  octave,  the  most  agreeable  harmony  is  that  of  the  fifth, 
which  is  produced  when  the  fundamental  note  C  is  sounded  simulta- 
neously with  G.  Now  it  appears  by  the  preceding  results  that  three 
vibrations  of  G  are  simultaneous  with  two  of  0.  It  follows,  there- 
fore, that  every  third  vibi-ation  of  G  commences  simultaneously  with 
every  second  vibration  of  C.  The  coincident  vibrations,  therefore, 
are  marked  by  the  commencement  of  every  second  vibration  of  the 
fundamental  c,  whereas,  in  the  octave,  a  coincidence  takes  place  at 
the  commencement  of  every  vibration. 

The  coincidences,  therefore,  are  more  frequent  in  the  ootave  than 
in  the  fifth,  in  the  proportion  of  1  to  2. 

The  nest  harmony  to  that  of  the  fifth  is  the  fourth,  which  is  pro- 
duced when  the  fundamental  note  0  is  sounded  amultaneouslj  with  f. 
Now  it  appears  from  the  preceding  results  that  four  vibrations  of  r 
are  simultaneous  with  three  of  the  fundamental  note,  and  consequently 
that  there  is  a  coincident  vibration  at  the  commencement  of  every 
third  vibration  of  the  fundamental  note.  The  coincident  vibrations 
are  therefore  less  frequent  than  in  the  fifth  in  the  proportion  of  3  to 
2;  and  less  freqnent  than  in  the  octave  in  the  proportion  of  3  to  1. 

The  harmony  which  cornea  nest  in  order  to  the  fourth  is  that  of 
the  third  produLod  when  the  fuudimenfal  note  r  i-i  luunded  simulta- 
ii>>ou3ly  with  B  Now  it  appears  from  the  jiieceding  lesults  that  five 
vibrations  of  e  ore  m\de  simultaneou'tly  with  four  of  c;  and  that 
consequently  there  is  a  coincidence  at  every  fourth  vibration  of  the 
funlamt,ntal  note  The  ooincidencas,  thorefoie,  m  this  case  are  le^ 
frequent  thin  in  the  fourth,  in  the  ratio  ot  3  to  4,  less  frequent  than 
m  thi,  fifth  m  the  j  lojoition  ot  2  (o  4,  and  le^  frequent  than  in  the 
octive  iu  tht  jiopcitioii  of  1  to  4 
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Tlie  figures  -which  are  placed  over  each  eomhlaation  express  the 
number  of  ■vihrationa  which  la  each  ease  take  place  simultaneously, 
and  the  name  of  the  interval,  aa  it  ia  technically  called  in  muwo,  is 
■written  under  the  lower  line.  Thus,  the  interval  between  the  funda- 
mental note  c  and  the  note  B  ia  a  seventh;  and  the  figures  above 
indicate  that  fifteen  vibrations  of  B  are  made  in  the  same  time  aa 
eight  vibrations  of  0.  In  the  same  way,  the  interval  between  c  and 
r  in  the  treble  is  called  an  eleventh ;  and  the  figures  indicate  that 
eight  ■vibrations  of  F  are  made  while  three  of  C  tske  place, 

851.  PhysicaX  cause  of  the  harmonics  of  the  harp  or  violin.  —  On 
inspecting  the  numbers  which  in  the  preceding  scale  indicate  the 
relative  rates  of  vibration  of  these  pairs  of  mmoal  sounds,  it  will  be 
observed  that  there  are  oert^n  combinations  in  which  a  complete 
number  of  vibrations  of  the  upper  note  arc  made  in  the  time  of  a 
single  vibration  of  the  lower  note.  These  are  digtinguished  by  the 
letter  H  written  under  the  interval,  The  first  is  the  octave,  in  which 
two  vibrations  of  the  upper  note  correspond  to  one  of  the  lower  j  the 
second  ia  the  twelfth,  in  which  three  vibrations  of  the  upper  note 
correspond  to  one  of  the  lower;  the  third  is  the  fifteenth,  in  which 
four  vibrations  of  the  upper  note  correspond  to  one  of  the  lower;  the 
fifth  is  the  nineteenth,  in  which  six  vibrations  of  the  upper  corre- 
spond to  one  vibraljon  of  the  lower ;  and,  in  fine,  the  seventh  is  the 
twenty-second,  in  which  eight  vibrations  of  the  upper  correspond  to 
one  vibration  of  the  lower. 

These  combinations  (which  possess  other  and  important  properties) 
are  called  harmonics, 

One  of  the  most  remarkable  properties  of  the  harmonics  -is,  that 
if  the  fundamental  note  be  produced  by  sounding  the  open  string,  a 
practised  ear  will  detect  in  the  sound  mingled  wiQi  the  fundamental, 
the  several  harmonics  t«  it,  and  more  especially  those  which  are  in 
nearest  accord  with  the  fundamental  note.  Thus  the  octaves  ■will  he 
produced ;  but  these  are  ao  nearly  in  unison  with  the  fVindamental 
note  that  the  ear  cannot  distinguish  them.  The  twelfth,  or  that 
which  has  three  vibrations  for  one  of  the  fundamental  note,  is  dis- 
tinctly perceptible  to  common  ears.  The  more  practised  can  dis- 
tinguish the  seventeenth,  or  that  which  vibrates  five  times  moro 
rapidly  than  the  fundamental;  and  some  pretend  to  be  able  to  dis- 
tinguish the  vibrations  of  the  nineteenth,  which  vibrates  six  times 
for  one  of  the  fundamental  note. 

852.  Experimental  verification  by  Sauvmr. — These  phenomena 
have  been  explained  and  verified  in  a  satisfactory  maimer  by  Sauveur, 
who  showed  that  when  a  string  is  put  into  vibration  it  undergoes  sub- 
ordinate vibrations,  which  take  place  in  its  aliquot  parts.  Thus,  if 
an  edge  touch  the  string  gently,  when  in  vibration,  at  its  middle 
point,  as  represented  in  Jig.  245.,  each  half  will  continue  to  vibrate 
independently. 
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If  the  edge  te  in  like  manner  applipd  at  one  thud  of  the  length, 
the  vibration  will  still  continue,  each  thu^  part  vihratmg  independ- 
ently of  the  other;  and  in  fine,  the  condition  of  the  entne  string, 
when  left  to  vihrate  fieely,  ii  lepresenfed  mfg  248  ,  where  the  sub 
ordinate  vibrations  prudui'ed  m  the  aliquot  paits  of  the  ttiing  aie 


Fig.  346. 

853.  Limit  of  the  musical  sensihilili/ of  the  ear. — Since  the  pitch 
of  a  musical  note  depends  on  the  number  of  vibrations  produced  per 
second,  it  follows  that  whenever  two  notes  are  produced  by  a  different 
number  of  vibrations  per  second,  they  will  have  a  corresponding 
musical  difference.  Now  a  question  arises  as  to  the  limits  of  the 
power  of  the  ear  to  distinguish  minute  differences  of  this  kind.  For 
esample,  it  may  be  asked  whether  two  mnsical  notes  produced  by 
vibrationa  differing  from  each  other  by  only  one  in  a  million,  that  is 
to  say,  if,  while  one  string  make  a  million  of  vibrations,  another  string 
ehall  make  a  million  and  one,  is  the  ear  capable  of  peroeiving  that 
one  note  is  more  acute  than  the  other?  It  is  certain  that  no  ear 
could  discover  such  a  difference,  although  it  is  equally  certain  that 
such  a  difference  would  exist.  The  question  then  is,  what  is  the  limit 
of  sensibility  of  the  ear  ? 

If  two  strings  of  the  same  wire  were  extended  by  equal  weights 
on  the  monochord,  and  the  moveable  bridges  brought  to  coincide,  so 
that  the  strings  would  be  of  precisely  equal  length,  then  it  is  certain 
that  when  struck  they  would  produce  the  same  note,  since  all  the 
conditions  affecting  the  vibration  of  the  string  would  be  identical. 
Now,  if  one  of  the  bridges  be  moved  slowly,  so  as  gradually  to 
lengthen  the  vibrating  part  of  the  stiing,  the  limit  may  De  found  at 
which  the  ear  will  begin  to  be  sensible  of  the  dissonance  of  the  notes. 
The  point  thus  determined  may  fix  the  limit  of  the  sensibility  of 
the  ear. 

The  comparative  lengths  of  the  two  strings  in  such  a  case  would 
indicate  the  different  rates  of  vibration  of  which  the  ear  is  sensible. 

854.  Sensibilitii  of  practised  organisls. — The  result  of  such  an 
experiment  would  of  course  be  different  for  different  ears,  according 
440 
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to  theii'  natural  sendbility,  and  to  tlie  cfieeta  of  cultiyataou  m  impiov 
ing  their  inuBical  perception.  Practised  organists  are  ible  to  diitin- 
guisli  between  notes  which  differ  in  their  vibiatinna  to  the  extent  of 
one  in  ei^lity. 

Thus,  if  a  string  of  the  monoohord  h'we  20  inches  between  tl  o 
bridges,  and  the  other  20J  inches,  their  utes  of  vihratioii  leing  then 
in  the  proportion  of  80  to  81,  the  difterenLe  would  be  dishnguisnaUt. 
Such  an  iaterval  between  two  musical  s  unds  is  called  a  comma 

But  when  the  differences  of  the  rates  of  vibration  aie  much  less 
than  this,  they  cannot  be  distinguished  by  the  ear.  The  notes  on 
common  squai-e  pianos  are  each  produced  by  two  strings,  and  on 
grand  pianos  by  three  strings  stniok  dmnltaneoYisly  by  the  same  ham- 
mer. In  tuning  the  instrument,  these  strings  are  tuned  separately, 
until  they  are  brought  as  nearly  to  the  same  pitch  ss  the  ear  can  di- 
termine.  When  struck  together,  however,  a  slight  dissonance  will  in 
general  be  perceptible,  which  is  adjusted  by  tuning  one  or  the  othei 
until  the  sounds  are  brought  int*  unison. 

Since,  however,  snch  unison  is  only  determined  by  the  ear,  and 
since  the  sensibiUty  of  that  organ  is  limited,  it  follows  that  the  unison 
thus  obtained  can  never  he  perfect  otherwise  than  by  chance. 

855.  Methods  of  defermimng  the  absolute  number  of  vibrations 
produeing  musical  notes.  — We  have  hitherto  noticed  only  the  rela- 
tive rates  of  vibration  of  different  musical  notes.  If  the  absolute 
number  of  vibrations  per  second,  corresponding  to  any  one  note  of 
the  scale,  were  known,  the  absolute  number  of  vibrations  of  all  others 
could  be  computed.  Thus,  the  note  which  is  an  octave  higher  than 
the  note  prop(»ed,  would  be  produced  by  double  the  number  of  vibra- 
tions per  second ;  a  note  one-fifth  fbove  it  would  be  produced  by  a 
number  of  vibrations  per  second  found  by  multiplying  the  given  num- 
ber by  3  divided  by  2,  and  so  on.  In  a  word,  the  number  of  vibra- 
tions per  second  necessary  to  produce  any  given  note  would  be  found 
by  multiplying  the  number  of  vibrations  per  second  necessary  to  pro- 
duce the  fundamental  note  by  the  fractions  ^ven  in  (849,)  con'e- 
sponding  to  the  proposed  note. 

856.  The  Sii-ene  of  Cagniard  de  la  Tour.  —  An  instrument  of 
great  ingenuity  and  beauty,  called  the  Sirene,  has  been  supplied  by 
the  invention  of  M.  Gagniard  de  la  Tour,  for  the  purpose  of  ascer- 
taining the  whole  number  of  vibrations  which  correspond  to  any  pro- 
posed musical  sound.  A  tube  of  about  font  inches  in  diameter,  re- 
presented titff',J!g.  247,,  to  which  wind  can  be  supplied  by  means 
of  a  bellows  or  otherwise  through  a  pipe  y  y',  is  terminated  in  a  smooth 
circular  plate  v  v',  stopping  its  end.  In  this  plate,  and  near  its  edge, 
a  number  of  small  holes  are  pierced  very  close  togeiher,  and  disposed 
in  a  circular  form,  as  represented  mjtg.  243.,  the  perforations  being 
made,  not  perpendioul^-  to  the  plate,  but  in  an  oblique  direction 
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tlirough  ifc.  Another  plate  of  equal  magnitude  u  «',  fg.  247.,  and 
having  a  circle  of  holes  precisely  similar,  ia  fixed  upon  thia  so  as  to 
be  capable  of  reTolving  with  any  required  Telocity  round  its  centre. 
Ah  it  revolves,  the  toles  in  the  upper  plate  «  a'  correspond  in  certain 
pesitions  with  the  holes  in  the  lower  plate  v  v' ;  but  in  inf«rmediat« 
positions,  the  holes  in  the  lower  plate  not  corresponding  with  those  in 
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Fig.  2 


the  other  plate,  the  exit  of  the  air  from  the  tube/jT'  ia  stopped.  If, 
then,  we  suppose  the  upper  of  these  two  plates  to  revolve  upon  the 
lower,  a  current  of  Mr  being  supplied  to  the  tube^y  through  yy', 
the  air  will  escape  when  the  holw  in' the  superior  plate  correspond  in 
position  with  those  in  the  lower  plate,  but  in  iatermediate  positions  it 
will  be  intercepted.  The  effect  will  be,  that  whea  the  superior  plate 
moves  with  a  uniform  velocity,  there  will  be  a  series  of  pufis  of  wind 
allowed  to  escape  from  the  holes  of  the  inferior  plate  through  those 
of  the  anperior  plate  in  uniform  succession  with  equal  intervals  of 
time  between  them.  This  succession  of  pufe  will  produce  undula- 
tions in  the  Mr  surrounding  the  instrument,  and  when  their  velocity 
is  sufficiently  increased,  these  undulations  will  produce  a  sound.  If 
the  motion  be  uniform,  this  sound  will  be  maintained  at  a  uniform 
pitch;  but  aa  the  motion  of  the  plate  is  increased,  the  pitch  will  be-, 
come  more  elevated ;  and,  in  short,  such  a  -velocity  may  be  given  to 
the  superior  plate  as  to  make  the  instrument  produce  a  sound  of  any 
desired  pitch,  acute  or  grave. 

A  small  apparatus  ia  connected  with  the  superior  plate,  by  which 
its  revolutions  are  counted  and  indicated.  This  apparatus  consists  of 
a  spindlcj  x,Jig.  247.,  which  carries  upon  it  a  worm  or  endless  screw, 
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whict  drives  the  teeth  of  a  small  wheel  r, 
'  which  13  conneoted  by  pinions  and  wheelwork 
■with  another  wheel  e.  These  wheels  govern 
the  motion  of  hands  upon  small  dials  dd',fig. 
249.  Ttese  hands  heing  brought  to  their 
respective  zeros  at  the  comraeneement  of  the 
experiment,  their  position  at  the  end  of  any 
tnown  interval  will  indicate  the  numher  of 
puffs  of  air  which  have  escaped  from  the  holes  of  the  revolving  plate 
u  u'  in  the  interval,  and  will  consequently  determine  the  number  of 
undulations  of  the  an-  which  correspond  to  the  sound  produced. 

857.  Experiments  made  mih  this  instrument.  —  Various  series  of 
interesting  experiments  have  been  performed  with  this  instrument  by 
its  inventor,  which  have  shown  that  itnot  only  indicates  the  pitch  of 
the  note  produced,  but  also  tiiat  the  timbre  of  the  sound  has  a  rela- 
iiou  to  the  thickness  of  the  revolving  plate,  and  of  the  fixed  plate 
over  which  it  turns,  and  with  the  space  between  the  holes  pierced  in 
these  plates.  These  conditions,  however,  have  not  been  investigated 
with  sufEoient  precision  to  supply  any  general  principles.  M.-  Cag- 
niard  de  la  Tour  thinks,  nevertheless,  that  when  the  intervals  between 
the  holes  piereed  in  the  plates  are  very  smallj  the  sound  approaches  to 
that  of  the  human  voice,  and  when  they  are  very  considerable  it  ap- 
proaches to  that  of  a  trumpet. 

858.  Savart's  apparatus  for  measuring  the  vihratio3is  of  sound. 
—  Another  instrument  for  the  experimental  determination  of  the 
numbe  of  v  b  a  ons  co  e  ponding  toant  fuypj  dpthis 
due  to  M  8ava  t,  whone  esj-e  m  ntal  a  est^at  i  ' 
much  1  ght  upon  he  pi  y 


This  apparatus,  which  is  represented  in  fig.  250.,  consists  of  a 

frame  a  a,  constructed  ia  a  very  solid  manner,  aupporljng  a  large 

wheel  6,  connected  by  an  endless  band  x  with  a  small  grooved  wheel 

fixed  upon  the  axis  of  auotlier  large  wheel  d',  which  Is  formed  into 

o2  ^     44S 


teetli  at  ita  edge,     Tliese  teeth  striko  sucoes- 
sively  a  piece  of  card  or  ottei  thin  elastic  plate 
f-  '   'i'^     presented  to  them,  and  fixed  upon  the  frame 
■■  Oft,  as  representeii  in  _^.  250.     The  succes- 

sive impulsea  given  to  the  card  produce  corre- 
sponding undulations  in  the  air,  the  effect  of 
which  is  a  musiaal  sound. 

The  nnmbei-  of  undulations  per  second  thus 
pTodnced  in  the  air  will  correspond  with  the  number  of  teeth  of  the 
wheel  d'  which  pass  the  edge  of  the  card  in  a  second.  Now,  if  the 
number  of  turns  per  second  given  to  the  primary  wheel  h  he  known, 
the  relative  magnitudes  of  this  wheel  and  the  small  wheel  attached  to 
the  asis  of  £  will  determine  the  number  of  revolutions  per  second 
given  to  the  wheel  (?.',  and  consequently  the  number  of  teeth  of  tte 
latter,  which,  in  a  second,  will  striie  the  edge  of  the  card.  In  this 
way,  undulations  of  the  air  can  be  produced  at  the  rat*  of  26,000  per 
second. 

The  sounds  produced  by  this  means  are  eaid  to  be  clear,  continued 
and  distinct,  and  easily  brought  into  unison  with  any  musical  instru- 
ment, since  they  can  be  produced  at  a  uniform  pitch  for  any  desired 
interval  of  time. 

Since  by  the  stroke,  of  each  tooth  of  the  wheel  d',  the  cai-d  ia  made 
to  move  first  downwards  and  then  upwards,  or  vice  vers&,  it  ia  clear 
from  what  has  been  explained  that,  for  each  tooth  of  the  wlieel  dJ 
h  passes  the  card,  a  condensed  and  a  rarefied  wave  of  air  will  be 


In  the  sound,  therefore,  which  results  there  will  be  as  many  double 
vibrations,  that  is  to  say,  undulations,  including  each  a  condensed  and 
rarefied  wave,  as  there  are  teeth  of  the  wheel  d'  which  pass  the  card ; 
and  to  ascertain  the  number  of  such  double  vibrations  corresponding 
to  any  note,  it  will  be  only  necessary  to  observe  the  number  of  teeth 
of  the  wheel  d'  whioli  pass  the  card  when  the  sound  produced  by  the 
instrument  is  brought  into  unison  with  the  proposed  note. 

859.  Tlie  absolute  rates  of  vibration  of  musical  notes  ascertained. 
—  By  accurate  experiment,  made  both  with  the  Sirene  and  with  the 
instrument  of  M.  Sayart,  it  has  been  found  that  the  lower  A  of  the 

treble  clef  or  '^rg^-  is  produced  hy  imparting  undulations  to  the  air 

at  the  rate  of  880  single  vibrations,  or  440  double  vibrations,  per 
second.  By  single  vibration  is  hers  to  be  understood  condensed 
waves  only,  or  rai-efied  waves  only;  and  by  double  vibration,  the 
combination  of  a  condensed  and  rarefied  wave.  It  is  more  usual  to 
count  the  vibrations,  taking  the  lattei_  or  the  double  vibration,  as  the 
unit,  and  we  shall  therefore  here  adopt  this  nomenclature ;  and  it 
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may  thcrefurc  bo  statei,  iu  this  sense,  that  the  A  of  tho  diapasoD,  the 
note  usually  produced  by  the  sounding-fork  for  determining  the  pitch 
of  musical  instruments,  is  produced  by  imparting  to  the  air  440  un- 
dulations per  second. 

It  must  be  stated,  howeTer,  that  some  slight  departure  from  this 
standard  preyruls  in  different  established  orchestras.  Thus,  it  is  esti- 
mated that  the  pitch  of  this  note  in  the  under-mentioned  orchestras 
is  produced  hy  tie  number  of  vibrations  per  second  exhibited  below : — 

Orchesti-a  of  Berlin  Opera 437-32 

"  AeadMie  de  !a  Musique,  Paris    -        -  431-34 

"  Opi^ja  Comique,  Paris  -        -        -  427-61 

"  Italian  Opera,  Paris    -         -        -        -  424-14 

The  number  of  vibrations  corresponding  to  all  the  other  notes  of 
the  musical  scale  may  be  computed  by  the  result  here  obtained,  com- 
bined with  the  relative  numbers  of  vibrations  given  in  850.  Thus, 
if  it  bo  desired  to  determine  the  number  of  vibrations  per  second  cor- 


?3-'  '^  ^ 


responding  to  the  fandamental  note  ^-q— ,  it  will  be  only  necessary 


to  divide  440,  the  number  of  vibrations  of  the  note  ^rg^- ,    by  the 

fraction  y ,  or,  what  is  the  same,  to  divide  it  by  10,  and  multiply  the 
quotient  by  3.     The  number  of  vibrations,  therefore,  per  second 

■which  will  produce  the  note>2--.^_  -will  be  44  X  3  =  132. 

860.    Mange  of  musical  sensibility  of  the  ear.  —  On  a  seven 
octave  pianoforte  the  highest  note  in  the  treble  is  three  octaves 

above  f^-;^~j  and  the  lowest  note  in  the  baas  is  four  octaves  below 

it.     The  number  of  complete  vibrations  corresponding  to  the  former 
must  be,  therefore, 

440x  2  X  2  X  2^3520; 
and  the  number  of  vibrations  per  second  corresponding  to  the  latter  is 
440       _440  _ 
2-2x2x2-36"  - ''" 
Now  since  all  oidinaiy  eais  ire  capable  of  a]  preciatmg  the  musi- 
cal sounds  (cntamel  between  these  limits  it  is  clear  that  tlie  range 
of  perci-i  tioQ  of  the  human  ear  is  greater  than  that  of  audi  an 
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instrument,  acd  tliat,  consequently,  this  organ  ia  capable  of  dis- 
tinguishing sounds  produced  bj  vibrations  varying  from  27  to  3520 
per  second. 

861.  The  most  grave  note  of  which  the  ear  is  sensille. — It  has 
been  generally  assumed  that  the  lowest  of  these  notes  constituted  tbe 
most  grave  musical  sound  of  wbich  the  ear  ia  sensible;  but  Savait 
has  shown,  by  a  series  of  esperiments  remarkable  for  their  conclu- 
siveness, that  the  organ  of  hearing  has  a  wider  range  of  senMbility. 
For  this  purpose  he  substituted  for  the  toothed  wheel  d',  Jig.  250,  a 
simple  bar  of  iron  or  wood,  which  was  made  to  revolve  round  its 
centre  in  the  same  manner  as  the  toothed  wheel.  Two  plates  of 
wood  were  placed  on  each  ade  of  the  bench,  as  represented  vajig. 
251,  and  were  so  adjusted  that  the  revolving  bar  passed  nearly  ia 
contact  with  them.  At  each  transit  of  the  bar  near  their  edges  an 
explosive  sound  was  produced,  of  deafening  loudness.  The  loudnesa 
waa  found  to  be  a  maximum  when,  the  distance  of  the  bar  from  the 
edges  of  tbe  plates  was  from-the  4000th  to  the  SCFOOth  of  an  inch. 
"When  the  bar  was  mo\ed  veiy  slowly,  these  were  recognized  by  the 
ear  as  di->tinct  and  snccessive  sounds;  but  when  a  velocity  was  im- 
parted to  it  which  prjducid  ftom  seven  to  eight  sonnds  per  second, 
the  sound  becime  (.ontmuous,  and  was  recognized  as  a  musical  nota 
of  great  depth  in  the  scale  It  was  rendered  evident,  therefore,  from 
this  espenmenf,  that  the  cii  is  capable  of  appreciating  musical 
sounds  piodoti,d  ly  from  oe^en  to  eight  complete  vibrations  per 
second. 

862.  The  most  acute  note  — To  determine,  on  the  other  band,  tbe 
limit  of  the  senoibilifj  of  the  eai  for  acute  musical  sounds,  Savart 
increased  the  diameter  of  the  wheel  ii',fig.  250,  so  as  thus  to  impart 
a  more  rapid  motion  to  the  b'eth  In  this  way»he  found  that  musical 
sounds  weie  distinctly  recognizpd  produced  by  24,000  complete  «n- 
dulalions  pel  second 

Ky  this  exptriment  it  was,  theief  jre,  established  that  the  range  of 
sensibility  ot  the  ear  for  musical  wunds  extended  from  7  vibrations 
to  24,000  per  se(,ond 

Savart,  however,  maintains  that  these  limits  are  not  the  extreme 
ones  of  the  susceptibility  of  the  ear. 

863.  Calculation  of  the  length  of  the  waves  corresponding  to 
musical  notes  — It  has  been  already  shown,  that  by  the  combination 
of  tbe  velccit^  of  souni  with  the  rate  of  undulation,  the  length  of 
the  soncrru^  waves  coiresponding  to  any  g' 

mined.     Thus,  if  we  know  that  440  undulations  of  the  n 

);tril;e  the  ear  in  a  second,  and  also  that  the  velocity  with  which  th' 
undulation  passes  through  the  air  is  at  the  rate  of  1120  feel  per 
446 
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aeonnd,  we  may  conclude  ttat  in  1120  feet  there  are  440  complete 
undulations  j   consequently,  that  tte  length,  of  each  such  uadula- 

By  a  like  calculation,  the  length  of  the  sonorous  waves  correspond- 
ing to  all  the  musical  notes  can  be  determiiietl. 

To  find  the  length  of  the  sonorous  waves  correspondiag  to  the 
higheat  and  lowest  notes  of  a  seven  octave  pianoforte,  we  are  to  con- 
sider that  the  highest  note  has  been  shown  to  be  produced  by  3520 
vibrations  per  second;  the  length  of  each  variation  will,  therefore,  be 
1120 
3620  ^ 

The  number  of  vibrations  corresponding  to  the  lowest  note  is  27'5; 
the  length,  therefore,  of  the  sonorous  undulation  will  be 
1120 
275  ^ 

To  find  the  length  of  the  vibrations  corresponding  to  the  gravest 
note  produced  in  Savart's  esperiments,  we  must  divide  1120  by  7 ; 
the  quotient  wiU  be  160  feet,  which  ia  the  length  of  the  unduliition 
required. 

864.  Application  of  ilie  Strene  to  count  the  rate  at  which  the 
wings  of  insects  move. — The  buzzing  and  humming  noises  produced 
by  winged  iasecls  are  not,  as  might  be  supposed,  vocal  sounds.  They 
result  from  sonorous  undulations  imparted  to  the  air  by  the  flapping 
of  their  wings.  This  may  be  rendered  evident  by  observing,  that  tho 
noise  always  ceases  when  the  insect  alights  on  any  object. 

The  Sirene  has  been  ingeniously  applied  for  the  purpose  of  ascer- 
taining the  rate  at  which  the  wings  of  such  creatures  flap.  Tbo 
instrument  being  brought  into  unison  with  the  sound  produced  by 
the  insect  indicates,  as  in  the  case  of  any  other  musical  sound,  the 
rate  of  vibration.  In  this  way  it  has  been  ascertained  that  the  wings 
of  a  gnat  flap  at  the  rate  of  15,000  times  per  second.  The  pitch  of 
the  note  produced  by  this  insect  in  the  act  of  fl.ying  is,  therefore, 
i  than  two  octave  above  the  high^t  note  of  a  seven  octavo 


=  0-3181. 


.  =  40-73  feet. 
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BY   THIN   BODS  AND  PLATES. 

865.  Vihration'nf  rods,  longitudinal  and  transverse.  —  Among 
tlie  numerous  results  of  tte  Jabours  of  contemporary  pLiloaophers, 
some  of  the  most  beautiful  and  interesting  are  those  -whicli  haTC 
attended  the  esperimenfal  researches  of  Savart,  made  with  a  view  to 
determine  the  phenomena  of  the  vibration  of  sonorous  bodies,  some 
of  which  we  have  already  briefly  adverted  to.  Although  these  re- 
searches are  too  complicated,  and  the  reasoning  and  hypotheses  raised 
upon  them  are  not  sufficiently  elementary  to  be  introduced  with  any 
detail  into  this  volume,  there  are  nevertheless  acme  sufficiently  simple 
to  admit  of  brief  esposition,  and  so  interesting  that  their  omission, 
even  in  the  most  elementary  treatise,  would  be  nnpardonable. 

The  vibration  of  thin  rods,  whether  they  have  the  form  of  a  cylin- 
der or  a  prism,  or  that  of  a  narrow  tiio  plate,  may  be  conddered  as 
made  transversely  or  lon^tudinally.  If  they  are  made  transversely, 
that  is  to  say,  at  right  angles  to  the  length,  they  will  be  governed  by 
nearly  the  same  principles  as  those  which  have  been  already  explained 
as  applicable  to  elastic  strings. 

866.  Longitudinal  vibrations. — Let  us  suppose  a  glass  tnbe,  about 
seven  feet  long,  and  from  an  inch  to  an  inch  and  a  half  in  diameter, 
to  be  suspended  in  equilibrium  at  its  middle  point.  Let  one  half  of 
it  be  rubbed  upon  its  surface,  in  the  direction  of  its  length,  with  a 
piece  of  damp  cloth.  The  friction  will  escile  lon^tudinal  vibration, 
that,  with  3  Sttle  practice,  may  be  made  to  produce  a  musical  sound, 
which  will  be  more  or  less  acute  awording  to  the  force  and  rapidity 
of  the  friction. 

It  will  be  found  that  the  several  sounds  which  will  be  successively 
produced  by  tlins  increasing  the  force  of  the  friction,  will  correspond 
with  the  harmonica  already  explained  in  849. ;  that  is  to  say,  that 
tlie  rate  of  vibration  of  the  lowest  of  these  tones  being  espre^ed  by 
1,  that  of  the  nest  above  it  will  be  espreeaed  by  2,  and  will  therefore 
lie  the  cctave,  the  next  will  be  espressed  by  3,  and  will  therefore  be 
the  twelfth,  and  the  next  by  4,  which  will  therefore  be  the  fil^enth. 

If  (he  snme  experiment  be  performed  with  long  rods  of  any  form 
and  cf  jny  mateiial  whatever,  the  same  result  will  be  noticed.  When 
loda  of  wood  .ire  used,  instead  of  a  moistened  doth,  a  cloth  coated  with 
le^m  miy  be  employ^.  It  ia  found  thati^s,  composed  of  the  same  . 
material,  will  alwaya  emit  the  same  notes,  provided  they  are  of  the 
func  length,  whatever  be  their  depth,  thiokness,  or  form,  provided 
onlj  thit  tlieii  length  be  considerable  compared  with  their  other 
dimensions 
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867-  JVodal  points.  — Were  it  possible  to  render  visiMe  the  state 
of  yibration  of  each  point  of  tlie  surface  of  these  roda,  it  would  ho 
found  that  the  degree  of  vibration  would  vary  from  point  to  point,  and 
that  at  certain  points  distiibuted  over  the  surface  of  these  roda,  there 
would  be  no  Tibraiion.  These  nodal  poinfa,  as  they  have  been  called, 
are  distributed  according  to  certain  lines  surrounding  the  rods. 

But  it  is  evident  that  motions  so  minute  and  so  rapid  as  these 
vibrations,  cannot  be  rendered  directly  evident  to  the  senses. 

.  868.  Method  of  determining  nodal  points  and  lines. — The  follow- 
ing ingenious  method  of  feeling  the  surface  while  in  vibration,  and 
ascertain!  ngthe  position  of  the  nodal  lines,  was  practised  with  signal 
eueoeBS  by  Savart.  A  light  ring  of  paper  was  formed,  having  a  dia- 
meter considerably  greater  than  Aat  of  the  tube  or  rod.  This  ring  was 
suspended  on  the  tube,  as  represented  iajlg.  252. 

The  tube,  which  we  shall  suppose  here,  as  before,  to  be  formed  of 
glas.s,  andi  of  the  same  dimensions  aa  already  explained,  being  sus- 
pended on  its  central  point,  and  put  in  vibration,  as  already  described, 
by  friction  produced  upon  that  half  of  the  tube  on  which  the  ring  ia 


Fig.  352. 

not  suspended,  it  will  be  found  that  the  vibration  of  the  tube  will  give 
the  ring  a  jumping  motion  which  will  throw  it  aside,  and  cause  it  to 
move  to  the  right  or  left,  as  the  case  may  be,  until  it  shall  arrive  at  a 
point  where  it  shall  remain  at  rest,  iia  motion  .is  it  approaches  this 
point  being  gradually  diminished.  At  this  point  h  is  evident  that 
there  ia  no  vibration,  and  it  is,  consequently,  a  nodal  point. 

Let  this  point  be  marked  upon  the  glass  with  ink,  and  let  the  tube 
be  then  turned  a  little  round  on  its  axis,  so  aa  to  bring  the  point  thus 
marked  a  little  aside  from  the  highest  position  which  it  held  when  the 
ring  rested  upon  it.  Let  the  tube  be  now  agwn  put  in  vibration,  so 
as  to  produce  the  same  note  as  before.  The  ring  will  be  again  moved, 
and  will  find  another  point  of  rest. 

Let  this  point  be  markedasbefore,  and  lettbe  tube  be  ^ain  turned, 
and  let  the  same  process  be  repeated,  so  that  a  third  nodal  point  shall 
be  determined.  By  continuing  this  process,  a  aucoession  of  nodal 
points  will  be  found  following  h  th  und  the  tube,  and  thus  a 
nodal  line  will  be  determined. 

This  process  may  be  continu  d  until  th  nt  e  course  of  the  nodal 
line  shall  be  diacovered. 

Experiments  conducted  in  th  w  y  b  1  d  to  the  discovery  that 
the  nodal  lines  surrounding  th    t  be  1  rt  of  spiral  or  screw- 

like form,  represented  iofg.  2  Th         rae  is  not  that  of  a  regu- 
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lav  helix,  dace  it  forma  at  different  points  of  tbe  surface  of  tlie  tube 
different  angles  with  its  axis,  wliereas  a.  regular  helix  will  at  every 
point  form  the  eame  angle ;  but  tliis  variatJon  of  the  inclination  of 
the  nodal  line  to  tbe  asia  is  not  irregular,  but  undergoes  a  sucoesaioa 
of  changes  ■which  are  constantly  repeated,  so  that  each  revolution  of 
the  nodal  line  is  a  repetition  in  form  of  the  last,  as  represeuted  in 
Jig.  252. 

If  the  ring  be  now  suspended  on  the  other  half  of  the  tuhe,  a  simi- 
lar nodal  carve  is  formed,  which  is  not,  however,  a  continuation  of  the 
foiiner.  The  two  spirals  seem  to  have  a  common  origin  at  tbe  end, 
and  to  proceed  from  that  point,  either  in  the  same  or  conlrary  direc- 
tions, towards  tbe  other  end  of  the  tube. 

869.  JSodal  lines  on  the  inside  of  a  tube.  —  Savart  examined  also 
the  position  of  the  nodal  line  on  the  inner  surface  of  the  tube,  hy 
spreading  upon  it  grains  of  sand,  or  a  small  bit  of  cork.  These  were 
put  in  motion  in  the  same  manner  as  the  ring  of  paper  by  the  vibra- 
tion, and  were  brought  to  rest  on  arriving  at  a  nodal  point  A  series 
of  noda!  lines  similar  to  the  exterior  system  was  discovered. 

When  the  friction  is  increased  so  as  to  make  the  tube  sound  the 
harmonics  to  tbe  fundamental  note,  the  spirals  fonned  by  the  nodal 
lino  are  reversed  two,  three,  or  four  times,  according  to  the  order  of 
the  harmonic  produced. 

870.  JVodal  lines  on  rods  and  thin  plales.  —  In  the  case  of  pris- 
matic rods  or  flat  lamina,  the  noda!  curves  are  still  spirals,  but  more 
irregular  and  oomphcated  than  in  the  ease  of  tubes  or  eyhnders. 

Tbe  vibrations  of  thin  plates  were  produced  and  examined  by  the 

following  expedients;  —  An  apparatus  was  provided,  represented  in 

^g.  253.    A  small  piece  of  metal 

',  having  a  form  slightly  conical, 

s  fixed  in  the  bottom  of  a  frame, 

ad  at  its  upper  surface  a  piece  of 

cork,  or  buffiilo  skin,  is  fixed  to  in- 

'  tercept  vibration.     A  correspond- 

Fig.  253.  ing  cylinder  is  moved  vertieally, 

directly  above  it,  by  a  screw,  which 

plays  in  the  frame  i,  and  which  is  also  covered  at  its  extremity  with 

a  piece  of  cork. 

When  the  screw  is  turned,  the  two  extremities  can  be  brought  into 
contact,  so  as  to  press  between  them  with  any  desired  force  any  plate 
which  may  be  interposed. 

An  elastic  plaf«,  tbe  vibration  of  which  it  is  desired  to  observe,  ia 
inserted  between  them,  and  held  compressed  at  any  desired  point  by 
turning  tbe  screw.  The  plate  thus  held  can  be  put  in  vibration  by 
means  of  a  violin  bow,  which  being  drawn  upon  its  edge,  clear  musical 
sounds  may  be  produced,  and  brought  into  unison  with  those  of  a 
pianoforte,  or  other  musical  instrument. 
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To  ascertaia  thes  fb        n         h       ffnpn       fhe 

surface  of  tte  plate,       d  li        ^h    du  p     d  up  n       to 

which  motion  is  impa  ted  b  h  bra  g  p  n  Tk  p  u  wh  oh 
are  at  rest,  attd  which  h  f  n  d  po  nls  mp  n  n  n  to 
the  grains  of  aand  whi  h  unhtunh  whhe  upoa 
the  vibrating  points  are   uco  yhwaa-dun       hy        h  the 

lines  of  repose  or  nodal  lines,  wh  g       li  J  &  ™se    es. 

When  a  musical  sondfa  ifmphh  h  f  bcnon- 
tinued  for  any  length  of  time,  the  disposition  of  the  grains  of  sand  upon 
the  plate  will  indicate  the  position  and  direction  of  the  nodal  lines. 

871.  Method  of  delineating  the  nodal  lines  practised  by  Savarl. 
—  AVhen  experiments  of  this  Mnd  were  niultiplied  to  some  estent,  it 
be  an  e  pparent  that  the  nodal  lines  assumed  such  varied  and  com- 
pl  ted  forms  that  it  was  difficult  to  delineate  them,  with  accuxaey  hy 
the     mmon  methods  of  drawing. 

An  ngonious  expedient  suggested  itself  to  Savart,  by  which  fao- 
n  1  t  all  these  figures  were  obtained,  Instead  of  sand,  he  used 
1 1  n  V  sed  with  gum,  dried,  reduced  to  a  fine  powder,  and  passed 
h  gh  a  sieve,  so  as  to  obtain  grains  of  equal  and  suitable  magni- 
tude This  coloured  and  hygrometric  powder  he  spread  upon  the 
b  ■at  ng  plates,  and  when  it  had  assumed  the  form  of  the  nodal  lines, 
5  api  I  d  to  the  plates  with  gentle  pressure  damp  paper,  to  which 
the  colouied  powder  adhered,  and  which,  therefore,  gave  an  esaot 
impras^oa  of  the  form  of  the  nodal  lines. 

In  this  manner  he  was  enabled  to  feel,  as  it  were,  the  state  of  vi- 
bration of  the  different  parts  of  the  plate,  and  to  ascertain  with  pre- 
cision the  lines  of  no  vibration,  or  the  nodal  lines,  which  separated 
from  each  other  those  parts  of  the  plate  which  vibraf«d  independently. 

la  this  way  many  hundred  experiments  were  made,  and  exact  dia- 
grams obtained  representing  the  condition  of  the  vibrating  plates. 

872.  JVodal  lines  multiplied  as  sounds  become  more  acute,  — • 
One  of  the  consequences  which  most  obviously  followed  from  these 
experiments  was,  that  the  nodai  lines  became  more  and  more  multi- 
plied the  more  acute  the  sound  was  which  the  plate  produced.  This 
consequence  was  one  which  might  have  been  antieipated  from  the 
analogy  of  the  nodal  lines  of  the  plate  to  nodal  points  of  the  elastic 
string.  It  has  been  already  shown,  that  with  a  single  nodal  point  in 
the  middle  of  the  string,  the  octave  to  the  fundamental  note  is  pro- 
duced ;  that  when  two  nodal  points  divide  the  string  into  three  equal 
parts,  the  twelfth  is  produced ;  that  when  three  nodal  points  divide 
the  string  into  four  eqaal  parts,  the  fifteenth  is  produced,  and  so  on. 
What  the  subdivisions  of  the  string  are  to  the  notes  produced  by  its 
vibrations,  the  subdivisions  of  the  surface  of  the  vibrating  plate  by 
the  nodal  lines  is  to  the  note  which  it  produces ;  and  it  was  conse- 
quentiy  natural  to  expect,  that  the  higher  fie  note  produced,  the  more 
multiplied  would  be  the  divisions  of  the  plate.  ,-  i  , 


873.  Curio  s/n 
tending  theso  1  a  t 
foi'in,  for  which  n  c 
would  be  imp  &a  1  le 


10  lal  Ines  —  B  t  a  ustin  c  at- 

cu-io  3  tl  n  ther  n  n  ber  was  tb  r 
ted  a  tho  b  at  n  of  st  Oj,«  It 
ve  any  lefin  te  not  oa  of  tbe  i  fin  te 


variety  of  which  these  nodal  figures  are  susceptible ;  they  change  not 
only  with  the  pitch  of  tbe  note  produced,  but  also  with  the  form  and 
material  of  the  plate  and  the  position  of  the  point  at  which  it  is  held 
in  the  instrument,  represented  io  Jig.  253.  It  wOI  not,  however,  be  ■ 
without  interest  to  give  an  example  of  the  variety  of  figures  presented 
ty  the  nodal  lines  produced  upon  the  same  square  plate.  These  are 
represented  ;a  the  series  of  ^figures  254. 

Similar  esperiments,  made  on  circular  plates,  showed  that  the  nodal 
lines  distributed  themselves  either  in  the  direction  of  the  diameter 
dividing  the  circle  into  an  eaual  number  of  parts,  or  in  circular  forms, 
452 
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i  rcguliiv,  liaving  the  centre  of  tlie  plate  as  tlieir  c 

a  fine,  in  both  of  ttesa  combined.     In  tic  annexed  fig- 

e  represented  some  of  the  varieties  of  fonu  thus  obtained. 
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874,  Fluid  bodies  sonorous.  —  Fluids,  whether  in  the  liquid  or 
gaseous  state,  have  beeu  hitherto  considered  merely  as  eonduetora  of 
sound,  their  sonorous  undalationa  having  been  derived  from  the  vibra- 
tory impulses  of  solid  bodies  acting  upon  them. 

Fluids  themselves,  however,  are  capable  of  originating  their  own 
undulations,  and  consequently  must  be  considered  not  merely  EJg  con- 
duGtora  of  sound,  but  likewise  as  sonorous  bodies. 

If  the  Sirene  of  Cagaiard  de  la  Tour,  already  described,  be  sub- 
merged in  water,  and  made  to  aetias  it  baa  beep  described  already  to 
aet  in  tnr,  the  pulsations  of  .the  water  will  produce  a  sound.  la  this 
case,  the  origin  of  the  soun3  ia  the  action  of  the  liquid  upon  itself. 
The  successive  movements  of  the  liquid  through  the  holes  in  the  oir- 
Cukrplate  of  the  Sirene  are  the  origin  of  the  sonorous  undulations 
wbicH  are  transmitted  through  the  liquid. 

87.5.    Wind  imlrwmenls.  —  Tnnumerable  examples  might  be  found 

of  sonorous  undulations  produced  by  air  upon  air.     The  Sirene  itself, 

which  has  been  already  explained,  forma  an  example  of  this,  and  at 

the  same  time  iiidieitos  tbo  manner  in  which  the  pulsations  are  im- 

4.^8 
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pai-ted  to  tlic  air.  All  wind  instmnientg  wtatever  arc  also  esamplea 
of  this.  The  air,  bj  the  impulses  of  which  the  sODorous  uiidulutions 
are  produced,  proceeds  either  fi'om  a  Ijellows,  as  in  tlie  case  of  organs, 
or  from  the  hmgs,  as  in  the  ease  of  ordinary  wind  instvaments.  The 
pitch  of  the  sound  produced  depends  partly  upon  the  manner  of  im- 
parting the  flrat  movement  to  the  air,  and  partly  on  vasjing  the 
length  of  the  tube  containing  the  column  of  !ur  to  which  the  first 
impulse  is  given. 

When  the  tube,  as  is  generally  the  case  in  instruments  of  music, 
has  a  length  nhicb  is  considerable  in  proportion  to  its  diameter,  the 
gravest  note  which  it  is  capable  of  producing  is  detemiined  by  a  so- 
norous undulation  of  its  own  length.  By  varying  the  embouchure, 
and  otherwise  managing  the  action  of  the  air  on  entering  the  tube, 
notes  may  he  produced  which  are  harmonica  to  the  fundamental  notes 
determined  by  the  length  of  the  tube. 

When  these  harmonics  are  produced,  nodal  points  will  be  formed 
in  the  column  of  ait  included  in  the  tube;  and  if  the  tube  were  di- 
vided and  capable  of  being  detached  at  these  nodal  points,  the  removal 
of  a  part  of  the  tube  would  not  alter  the  pitch'  of  the  note  produced. 
In  wind  instruments  in  which  various  notes  are  produced  by  the 
opening  and  cloang  of  holes  in  tlieir  ades  by  means  of  the  fingers  or 
keys,  there  is  a  virtaal  variation  in  the  length  of  the  soundme  part 
of  the  tube  which  determines  the  piteh  of  the  various  notes  piodueed 
la  some  cases,  the  length  of  the  tube  is  varied,  not  by  apertuies 
opened  and  closed  at  will,  but  by  an  actual  change  of  length  in  the 
tube  itself.  Examples  of  this  are  presented  in  some  brass  instruments, 
and  more  particularly  in  the  trombone. 

876.  S^ect  of  the  material  composing  a  wind  insirumenl. — Al- 
though the  lengdi  of  the  column  of  the  air  included  in  the  tube  of  a 
wind  instrument  alone  determines  the  pitch  of  the  note,  its  timbre 
depends  in  a  strikiDg  and  important  manner  upon  the  material  of 
which  the  tube  is  composed. 

877.  Example  in  organ  building. — It  is  well  known  that  organ 
builders  find  that  the  quality  of  tone  is  so  materially  connected  with 
the  quality  of  the  material  composing  the  tube,  tbat  a  very  slight 
change  in  the  alloy  composung  a  metal  tube  would  produce  a  total 
change  in  the  quality  of  the  tone  produced.  The  escelknce  of  an 
organ  depends  in  a  great  degree  upon  the  skill  with  which  the  mafe- 
riai  of  the  tubes,  whether  wood  or  metal,  is  selected. 

878.  Sound  produced  by  agasjlame  in  a  glass  tube. — The  sound 
produced  by  a  jet  of  hydrogen,  directed  into  a  glass  tube,  forms  a  re- 
markable example  of  the  manner  in  which  the  sonorous  undulations 
of  air  would  be  produced  by  movements  originating  in  air  itself. 

This  apparatus,  the  explanation  of  the  principle  of  which  is  due  to 
M.  de  la  Rive,  consiste  of  a  small  glass  vessel  in  which  hydrogen  i^ 
generated  in  the  usual  way,  by  the  aotion  of  acid  on  anc  or  iron.    A 
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funnel  and  stop-eock  A,  Jig.  256.,  are  provided,  ty  wLieh 
tte  supply  of  tte  acid  may  be  renewed.  A  pipe  pro- 
ceeds from  the  centre  of  the  top  of  the  vessel  furnished 
Tvitli  a  stop-oook  c,  in  ■which  a  small  tube  is  inserted  ter- 
minating in  a  very  small  aperture,  from  which,  a  fine  jet 
of  the  g^as  escapes  when  the  stop-cock  is  opened,  and  a 
suifioient  pressure  produced  by  the  accumulation  of  gas 
within  the  vessel.  The  jet  proceeding  from  t  in  this  man- 
ner being  inflamed,  a  gla^  tube  of  considerable  length 
>  and  having  a  diameter  of  about  two  inches  is  held  over 
it,  so  that  the  jet  is  made  to  burn  at  some  distance  alDOve 
tlie  lower  end  of  the  tube.  A  musical  sound  will  thus 
proceed  from  the  air  within  the  tube,  the  intensity  of 
which  will  depend  upon  the  length  of  the  tube. 

This  effect  is  explained  as  follows ; — The  vapour,  which 
Fig.  256.  jg  jjjg  gj.g(  pj.f||jygj;  of  t[ig  combustion  of  the  hydrogen,  fills 
a  portion  of  the  tube  above  the  flame,  and  excludes  from  it  the  air, 
hat  the  cold  of  the  tube  soon  condenses  this  vapour,  and  a  vacuum  is 
produced,  into  which  the  air  rushes  with  a  rapid  motion.  This  effect 
beino'  repeated  by  the  continuance  of  the  combustion  of  the  hydrogen, 
podg      dlt  pod  ced  in  the  column  of  air  iu  tho 

t  b        dm        I         d      tl         uU. 

879    Sjl  f  ot    d  — E  planaiion  of  echoes. — It  has  been 

Idyhw       htwh  lit  one  propagated  through  a  flmd 

t  Id       f       th  y  w  11  be  refiect-ed  from  it,  and  will  pro- 

d  as  th  i_h  th  y  h  d  lly  moved  from  a  different  centre  of 

d  1 

N  w     f  th     t  k     [1  ce  with  tlie  sonorous  waves  of  air,  auoh 
w  t  n  g  th  Up  oduoe  the  same  efiect  as  if  they 

pocld       tfmth  Ig  body  which  ori^nally  produced 

th        b  t  f   m  1    g  '  o'^Y  placed  at  that  centre  from  which 

th    w         th         fleeted  m  Upon  theae  principles,  echoes  are 

pi       d 

Jf     bdyjl     dt      cetail  tance  from  the  hearer,  produce  a 

d    th  d  w    Id  b     heard  first  by  means  of  the  sonorous 

lit         h  h  p   d     dtp      eding  directly  and  uninterruptedly 

f        th  1   dy  t    th    h  arer,  and  afterwards  by  sonorous 

11  wh   h     fte     t  ik  reflecting  surfaces,  return  to  the 

Th       pet  t        f  th  d  thus  .produced  is  called  an  echo. 

T    p  >d  h     t  will  b         e^ary,  therefore,  that  there  shall 

I  offi  tra^td  f  fltng  surface,  so  placed  with  respect 
to  the  ear,  that  the  waves  of  sound  reflected  from  it  shall  arrive  at 
the  car  at  the  same  moment,  and  that  their  combined  effect  shall  be 
sufficiently  energetic  to  affect  the  organ  in  a  sensible  manner. 

If,  for  example,  tho  sounding  body  be  placed  in  a  focus  F  of  an 
'    '  lojig.  257.,  the  hearer  being  at  the  other  focus 
r2  4^§^.KV;lc 
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u  d  Willi    fi    t  h  ardl  y  h     ff  t    f  th        lit"        wli'  !i 
Id  h    h      TF 

ivllbhd                       bhff  hw          whh, 

di     gi          m  li           d    g  body      r, 

k      p       b  nr    (^       d     e 

fitedtot  h       oc      Fwhe 


Fig.  .57, 


wh    h         d  ak         rfl        h      gh   he 
diff     n      b  h    d  d  e 

d  th      um    f  th    two  distances 
at  any  point       tl       11  j      f        th    foo  It  his  h  en  already 

esplwned  that    h        m    f  th       t       dista  1     y    the  same 

wherever  the  p  tf  fit  myl  hegjifoth  major  axis 
of  the  ellipse      It       f     th  th  t    11    h       fl    ted  rays  of 

sound  from  e      y  pnrt   f  th     11  p     will  m    t  th  pi  oed  at  ¥"  at 

the  same  mom    t  th  y  will  tai.    th  t  m    t    moTe  over 

the  same  diat.  If  th       fl    ted       -f  ce  w  t    11  ptical,  or  if, 

being  elliptical  th    h  w  t  pi  oed    t  tl     f        f',  then  the 

sum  of  the  dt  fthdff       tptsfth       fi    ling  surface 

from  the  ear  w  ul  lb  liif  t  1th  fl  ted  y  f  ound  arriv- 
ing from  diff  t  p  ts  f  th  f  w  Id  h  th  ear  at  dif- 
ferent mome  f  f  t  I  th  h  ray  f  d  would  be 
too  feeble  topi  nst  flfltwildbe  pro- 
duced. 

It  is  not  ary  thtth      lljt  f  fltg  the  sound 

should  be  CO  1 1  t  If  d  ff  t  p  -ti  f  th  fi  ng  surfece, 
a,  i,  e,  d,  e,fji  57  b  plic  d  th  t  th  j  w  !1  f  m  part  of  the 
same  ellipse,  they  will  still  reflect  the  rays  of  the  sound  to  the  other 
focus  of  the  ellipse ;  and  if  they  are  so  numerous  or  exten^ve  as  to 
reflect  rays  of  sound  to  the  ear  in  sufficient  quantity  to  affect  the  sense, 
an  echo  will  be  heard. 

880.  Repeated  echoes.  —  If  surfaces  lie  in  such  a  position  round 
the  points  F  and  f',  that  th^e  points  shall  be  at  the  same  time  the 
foci  of  different  ellipses,  one  greater  than  the  other,  a  succession  of 
echoes  will  ensue,  the  sounds  reflected  from  the  greater  elliptic  surface 
aniving  at  the  ear  later  than  those  reflected  from  the  lesser.  The  in- 
terval between  the  successive  echoes  in  such  a  ease  would  be  the  time 
which  the  sound  takes  to  move  over  a  space  equal  to  the  difierence 
between  the  major  axes  of  the  ellipses. 

If  &  person  who  utters  a  sound  stand  in  the  centre  S  of  a  circle, 
fig.  258.,  the  circumference  of  which  is  either  wholly  or  partly  com 
posed  of  surfaces,  such  as  a,  h,  c,  d,  e,  which  reflect  sound,  fie  will 
hear  the  echo  of  his  o 


dulation  which  proceeds  from  the  speaker  encountering  the  reflecting 
456 
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surfaces  in  a  direction  perpendicular  to 
tteni,  will  be  reflected  by  them  back  to  the 
speaker,  as  represented  bj  the  arrows,  and 
■will  reach  his  ear  after  an  interval  eorre- 
sponding  to  that  which  sound  reqnirJB  to 
move  over  twice  the  radius  of  the  circle.  ■ 
If  the  speaker  in  such  a  case  be  surrounded 
by  surfaces  composing  either  wholly  or  partly 
two  or  more  circles,  of  which  he  is  the  com- 
mon centre,  then  he  will  hear  a  successioE 
Fig.  258.  of  echoes  of  his  own  voice,  the  interval  be- 

tween tlicm  corresponding  t^  the  time  which 
Bound  would  tale  to  move  over  twice  the  difference  between  the  suc- 
cessive radii  of  the  circles. 


Fig.  359. 

If  a  speaker  stand  at  s,^.  259.,  midway  between  two  parallel 
walls  A  and  B,  these  walla  may  be  considered  as  forming  part  of  a 
circle  of  which  he  is  the  centre,  and  they  will  tefiect  to  his  ear  the 
sounds  of  his  own  voice,  producing  an  echo.  In  this  case,  the  posi- 
taon  of  the  speaker  s  being  equally  distant  fi-oip  A  and  b,  the  sounds 
reflected  from  these  surfaces  will  return  to  his  ear  simulta-neously, 
and  produce  a  single  perception.  But  a  part  of  the  undulation  re- 
flected from  B,  not  intercepted  by  the  speaker  at  s,  will  anive  at  a, 
and  will  be  reflected  from  a  and  again  arrive  at  s,  where  it  will  affect 
the  ear.  The  same  may  be  aiud  of  the  sounds  reflected  from  A,  which, 
proceeding  to  B,  will  be  again  reflected  to  s,  and  aa  the  distance 
moved  over  by  the  sounds  thus  twice  reflected  are  equal,  they  will 
arrive  simultaneously  at  s,  and  would  then  produce  a  second  echo. 
This  second  echo,  therefore,  will  proceed  from  the  successive  reflections 
of  the  sound  by  the  two  walls  A  and  B,  and  the  interval  between  it 
and  the  first  echo  will  be  the  time  which  sound  takes  to  move  over 
twice  the  distance  S  A,  or  the  whole  distance  between  the  two  walls. 

Thus,  if  the  two  surfeoes  a  and  b  were  distant  from  eaok  other 
1120  feet,  then  the  interval  between  the  utterance  of  the  sound  and 
the  first  echo  would  be  one  second,  and  the  same  interval  would  take 
place  between  the  successive  echoes. 

If  the  speaker,  however,  be  placed  ata  point  S,_fg.  260.,  which  is 
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not  midway  between  the  two  walls  A  and  B,  tLe  eoto  proceeding  from 
tlie  first  reflection  by  the  wall  A  will  be  heard  before  the  echo  which 
proceeds  from  the  reflection  by  the  wall  b,  and  in  thia  case  a  single 
reflection  from  each  wall  will  produce  two  echoes. 

If  we  suppose  a  second  reflection  from  each  wall  to  taie  place,  two 
echoes  will  be  again  produced,  Thns  in  case  there  are  two  reflectiona 
from  each  wall,  four  echoes  will  be  heard;  and  in  general  the  number 
of  echoes  which  will  be  heard  will  be  double  the  number  of  reflections. 

881,  Each  succeeding  echo  less  loud. -~lt  may  bo  asked,  why 
the  number  of  reflections,  in  such  case,  should  have  any  limit?  The 
answer  is,  that  the  reflected  waves  are  always  more  feeble  than  the 
direct  waves;  and  that  consequently  intensity,  or  loudness,  is  lost  by 
each  reflection,  until  at  length  the  waves  become  so  feeble  as  to  be  in- 
capable of  afiecting  the  ear.  A  speaker  can  articulate  so  as  to  be  dis- 
tinctly audible  at  the  average  rafe  of  four  syllables  per  second.  If, 
therefore,  the  reflecting  surfaoe  be  at  the  distance  of  1120  feet,  the 
echo  of  his  own  voice  will  be  perceived  by  him  at  the  end  of  two 
seconds  after  each  syllable  is  uttered ;  and  since,  in  two  seconds,  he 
can  utter  eight  syllables,  it  follows  that  he  can  hear,  successively,  the 
echo  of  these  eight  syllables;  if  he  continue  to  speak,  the  sounds  he 
utters  will  be  confused  with  those  of  the  echo. 

The  more  distant  the  reflecting  surfaces  are,  the  greater  will  bo  the 
number  of  syllables  whioh  can  be  rendered  audible  by  the  ear. 

It  is  not  necessary  that  the  surface  producing  an  echo  should  be 
either  hard  or  polished.  It  ia  often  observed  at  sea,  that  an  echo  pro- 
ceeds from  the  surfitce  of  the  clouds.  The  sails  of  a  distant  ship  have 
been  found  also  to  return  very  distinct  echoes. 

882.  Remarkable  cases  of  multiplied  echoes. — Numerous  exam- 
ples are  recorded  of  multiplied  repetitions  of  sound  by  echoes.  Aa 
echo  is  produced  near  Verdun  by  the  walls  of  two  towers,  which  re- 
peats twelve  or  thirteen  times  the  same  word.  At  Ademacb,  in  Bo- 
hemia, there  h  an  echo  whioh  repeats  seven  syllables  three  times  dis- 
tinctly. At  Lurleyfels,  on  the  Khine,  there  ia  an  echo  which  repeats 
seventeen  times.  The  echo  of  the  Capo  di  Bouve,  aa  well  as  that  of 
the  MetcHi  of  Home,  was  celebrated  among  the  ancients.  It  is  mat- 
ter of  ti-adition  that  the  latter  was  capable  of  repeating  the  first  line 
of  the  ^neid,  which  contains  fifteen  syllables,  eight  times  distinctly. 
An  echo  in  tbe  Villa  Simonetta,  near  Milan,  is  said  to  repeat  a  loud 
sound  thirty  times  audibly.  An  echo  in  a  building  at  Pavia,  is  said 
to  have  answered  a  question  by  repeating  its  last  syllable  thirty  times. 

883.  Whispering  galleries.  —  Whispering  galleries  are  formed  by 
smooth  walls  having  a  continuous  curved  form.  The  mouth  of  tbe 
speaker  is  presented  at  one  point  of  the  wall,  and  the  ear  of  the  hearer 
at  another  nnd  distant  point.  In  this  ease  the  sound  is  successively 
reflected  from  one  point  of  the  wall  to  another  until  it  reaches  the 
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884.  Speaking  lubes.  —  Spei&ing  tubes,  by  wbicli  words  spoken 
n  one  pliice  are  venderod  audiWe  at  another  distant  place,  depend  on 
he  SLime  pvitioiple.  The  rays  of  sound  proceeding  from  the  mouth 
It  one  end  of  the  tube,  instead  of  diverging,  and  beiag  scattered 
hrough  the  surrounding  atmosphere,  are  confined  within  the  tube, 
ifiiig  successively  reflected  from  its  sides,  as  represented  '^ajig.  2G1.; 


ao  that  a  much  greater  number  of  rays  of  sound  reach  the  ear  at  the 
remote  end,  than  could  have  reached  it  if  they  had  proceeded  without 
reflection . 

Speaking  tubes,  constructed  oa  this  principle,  are  used  in  large 
buildings  where  numerous  persons  are  employed,  to  save  the  time 
which  would  be  necessary  in  dispatching  messages  from  one  part  of 
the  building'to  another.  A  speaking  tube  is  sometimes  used  on  ship- 
board, being  carried  from  the  captain's  cabin  f«  the  topmast.     A  like 


effect  is  produced  by  the  shafts  of  n 
well  as  by  pipes  used  to  convey  h 


lis,  and  chimneys,  : 

8S5.  Speaking  trumpet. 
—  The  speaking  trumpet  is 
another  example  of  the  prao- 
tical  application  of  this  prin- 
ciple.    A  longitudinal  sec- 
tion of  this  instrument  is 
represented    in   Jig.    262. 
The  fovm  of  the  trumpet  is 
such,  th  t  ti      ay     f     uud 
which  diverge  from  the  mouth  of  the  speaker  a        fl    ted  p    all  1  to 
the  asJ3  of  the  instrument.     Xh    t  ump  t  1    ng  di 
reefed  to  any  point,  a  collection    t  p     11  1     y      t 
i  moves  towards  such  point  and  th  y        h  th 
11  much  greater  number  than  w    Id  th    di     g  n 
rays  which  would  proceed  from  a  speAer  without  suth 
instrument. 

886.  Hearing  trumpet.  —  A  hearing  trumpet  re- 

Fie  afi3        presented  in  fig.  263.,  is,  in  form  and  application,  tlnj 

reverse  of  the  speaking  trumpet,  but  in  principle  the 

same.     The  rays  of  sound  proceeding  from  a  speaker  more  or  less 

distant,  enter  the  hearing  trumpet  nearly  parallel ;  and  the  form  of 

the  inner  surface  of  such  instrument  is  such  that,  after  one  or  mora 


<Ktoi..,Goo^lf 


refle'-tions,  they  in,  niadp  to  converge  upon  tie  tympanum  of  die 

If  1  sonnding  b  dy  Le  pheed  in  the  focus  of  a  parabola  formed  of 
any  material  ca.pable  of  reflet  tmg  sound,  the  raja  which  issue  from  it 
will,  alter  reflection,  proceed  m  a  direolion  parallel  to  the  axis  of  the 
I-  irabola  This  will  be  apparent  from  what  has  been  explained  in 
^U7  ,  and  it,  on  the  othei  hand,  rays  parallel  to  the  axis  strike  on 
silIi  a  surface,  tiey  will  be  reflected  converging  towards  the  focus. 
Hence  it  appears  that  a  pwabnla,  in  the  focus  of  which  the  mouth  of 
the  speaker  is  placed,  would  be  a  good  form  for  a  speaking  trumpet. 

If  a  watch  be  placed  in  the  focus  of  a  parabolic  surface,  such  as  a 
metallic  speculum  of  that  form,  an  ear  placed  in  the  direction  of  its 
axis  will  distinctly  hear  the  ticking,  though  at  a  considerable  distance; 
but  if  the  parabolic  reflector  be  removed,  the  ticking  will  be  no  longer 
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887,  Organs  of  voice.  —  The  organ  of  voice  in  tie  human  species 
is  an  apparatus  consisting  of  a  pipe  extending  in  a  vertical  direction 
througii  the  throat,  having  an  air-chest  at  its  lower  end,  and  a  com- 
plicated apparatus  adapted  to  impart  sonorous  undulations  to  the  ex- 
tarnal  air  at  its  upper  extremity.  This  pipe,  which  is  called  the 
trachea  or  wind-pipe,  and  which  is  very  nearly  of  a  cylindrical  form, 
consists  of  a  series  of  strong  cartilaginous  rings  united  one  to  another 
by  a  flexible  membrane,  so  that  the  interior  tube  has  more  or  less 
elasticity  both  lon^tudinally  and  laterally;  that  is  to  say,  that  within 
certain  limits  it  is  capable  of  varying  both  its  length  and  diameter. 
This  pipe  is  at  its  lower  extremity  divided  into  two,  which  being  di- 
rected to  the  right  and  left,  terminate  in  the  lungs,  over  ihs  tissue 
of  which  their  extremities  are  spread. 

The  lungs  play  the  part  of  the  air-chest  of  an  organ  m  relation  to 
the  tDmd-pipe.  The  air  which  is  inspired  flUing  the  lungs  is  com- 
pressed withiu  them  by  the  muscular  action  of  the  chest,  and  is  thus 
driven  through  the  wind-pipe  with  a  force  proportional  to  the  differ- 
ence between  the  elasticity  of  the  air  thus  compressed  in  the  lungs 
and  that  of  the  external  atmosphere. 

Towards  the  upper  extremity,  the  trachea  is  gradually  contracted  ia 
one  direetiou  and  flattened,  so  as  to  terminate  in  a  narrow  slit-like  open- 
ing, which  is  closed  by  two  membranes  capable  of  being  brought  into 
contact,  and  which  are  opened  to  a  greater  or  less  extent  by  the  ae- 
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Hon  of  tlio  will  exerted  upon  the  muscles  which  govcra  thorn.  Thia 
siit,  whlcli  may  be  compared  to  the  opening  between  the  two  reeds 
which  form  the  mouth-piece  of  a  hautboy,  is  called  the  glollis. 

The  length  of  the  opening  of  the  glottia  is  about  an  inch  and  a 
quarter.  Between  the  glottia  and  the  first  ring  of  the  trachea  ia  a 
cartilaginous  passage,  gradually  widening  from  the  glottis  downwards, 
and  capable,  by  musoulav  action,  of  being  varied  within  considerable 
limits  in  its  transversal  area. 

Immediately  above  tUe  glottis  is  a  cavity  called  the  ventricle,  the 
height  of  which  is  ifhout  half  an  inch.  The  superior  part  of  this 
cavity  is  provided  with  an  opeuing,  forming  a  sort  of  superior 
glottis. 

888.  MatmeT  in  vthieh  vocal  sounds  are  produced.  —  The  air  pro- 
pelled from  the  cheat  through  the  wind-pipe,  passing  rapidly  through 
the  glottia  into  the  ventricle,  and  again  through  the  superior  glottis, 
producea  sonorous  uudulations,  and  would  be  attended  with  only,  sound 
without  articulation,  but  the  mouth,  the  tongue,  teeth,  aud  lips,  and 
nssai  passages,  supply  the  means  of  varying  without  limit  the  timbre 
of  each  sound,  and  of  ^ving  it  infinitely  varied  articulation.  The 
flexibility  of  the  tongue  acting  on  the  palate,  the  mouth,  and  the 
teeth ;  that  of  the  lipa  acting  on  each  other  and  contracting  in  an  in- 
finite variety  of  degrees;  the  mobility  of  the  jaws,  and  the  effect  of 
the  nasal  passages  on  the  air  propelled  through  the  mouth,  all  com- 
bine in  giving  variety  without  limit  to  the  sounds  produced  by  the 
apparatus  just  described. 

889.  Arlicttladon  of  vowels  and  consonants. — The  vowels  are  pro- 
duced by  opening  or  closing  in  different  degrees  the  passages  between 
the  lungs,  the  palate,  and  the  lips.  The  consonants,  on  the  other 
hand,  are  produced  by  interrupting  at  intervals  the  current  of  air 
proceeding  through  the  mouth  by  means  of  the  tongue,  the  lips,  and 
the  teeth;  and  hence  these  have  been  classed  as  labials,  palatals, 
Unguals,  gutturals,  &o. 

890.  An  hypothesis  tn  tehich  the  vocal  otgan  is  regarded  as  sunilar 
to  a  haiUhoy.  — Physiologists  are  not  agieed  as  to  the  principle  upon 
which  sound  ia  produced  by  the  oigan  of  voice  Iwo  hypotheses 
have  been  advanced  to  ex[.Iain  it  In  the  first  and  that  which  ap- 
pears the  most  generally  received  the  organ  of  vi  ce  is  eonsideied  to 
be  analogous  (o  the  hautboy  the  hps  ot  the  gbttis  peif  rming  the 
part  of  me  double  reed  in  the  moulli  piece  of  thit  in'strumeut  It  is 
considered  that  the  an  arming  through  the  windjije  and  losuinE 
between  the  lipa,  put?  them  into  Mbration  more  or  leso  iipidlj  and 
that  these  vibrations  impart  eoiresponlmgunlulatious  to  the  external 
ah.     The  superior  opening  aids  m  thw  effect 

The  varied  pit«h  of  the  tones  produced  by  the  voice  is  explained  io 

this  system  partly  by  the  conti-action  and  expansion  of  the  trachea, 

'  '  "  y  of  its  superior  part,  partly  by  widening  and  contracting 
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tbe  openiDg  of  the  glottis,  and  partlj  bj  tlio  power  of  giving  more  or 
less  closeness  to  the  lips  of  the  glottis. 

891.  Experiments  of  Magendie  and  others  in  support  of  this. — 
Thia  theory  has  not  heon  allowed  to  rest  on  mere  hypothesis.  M. 
Magendie  has  made  numerous  esperiments  on  inferior  animals  for  the 
purpose  of  -verifyiog  it  hy  direct  observation.  He  has  for  example 
laid  bare  the  trachea  aud  its  appendj^s  in  liviae  doga,  and  has  oh- 
sorved  the  lips  of  the  ^otiis  enter  into  visible  vibration  when  these 
animals  uttered  cries.  He  has  also,  In  the  same  experiment,  shown 
that  the  slit-like  aperture  of  the  glottis  is  contracted  when  the  sounds 
uttered  become  acute,  and  is  widened  when  they  become  grave. 

IS  experiments  have  been  made  by  other  physiologists  upon 
-jt  voice  of  animals  recently  deprived  of  life.  In  these  es- 
i,  air  has  been  forced  through  the  trachea  by  bellows,  and 
sounds  have  been  thereby  produced  more,  or  less  analogous  to  those 
uttered  by  the  living  animal. 

892.  An  hypolhesis  in  lehich  the  vocal  organ  is  regarded  as 
similar  .10  a  hird-call.  —  The  second  hypothesis  by  which  the  effect 
of  the  vocal  or^an  ia  explained  assimilates  it  to  a  bird-call.  In  this 
system,  the  cavity  or  ventricle  immediately  above  the  glottis  already 
described  is  considered  as  analogous  to  the  barrel  of  the  bird-call ;  the 
glottis  and  the  superior  opening  above  it  represent  the  two  holes  in 
the  circular  sides  of  the  bird-<;all.  According  to  this  system,  the 
ponorouB  undnlations  are  imparted  to  the  air,  not  by  the  vibration  of 
the  lips  of  the  glottis,  but  hy  the  alternate  compression  and  expansion 
of  the  air  included  in  the  ventricle  between  the  upper  and  lower 
glottis. 

This  alternate  compression  and  expansion  is  varied  by  the  pressure 
of  the  air  propelled  from  the  lungs,  and  by  the  muscular  action  of  a 
p;trt  of  the  trachea  and  its  appendages. 

In  this  system,  the  pitch  of  the  sound  uttered  is  also  considered  to 
be  effected  by  the  power  of  varying  the  opening  of  the  glottis.  The 
effects  produced  by  the  tongue,  lips,  teeth,  palate,  jaws,  aud  nasal 
passages  in  varying  the  timbre  and  articulation  of  the  sound  are  ex- 
plained in  the  same  manner  as  in  the  former  hypothesis. 

893.  Voctd  orgofas  of  birds.  —  Savart,  who  inclines  to  this  theory, 
has  made  numerous  experiments  in  support  of  it.  In  inferior  animals, 
aud  more  especially  in  birds,  the  arrangement  of  the  organ  of  voice 
differs  matorially  from  the  human  species.  The  mechanism  which 
produces  sonorous  undnlations  instead  of  being  at  the  top  is  at  the 
bottom  of  the  trachea,  the  resemblanoe  to  wind  instruments  bemg 
thus  still  more  close  than  in  the  case  of  the  human  voice. 

It  will  be  observed  that  in  the  human  organ  as  already  described, 
air  enters  at  that  part  of  the  wind-pipe  most  distant  from  the  reed  or 
mouth-pieee,  contrary  to  the  arrangement  of  a  wind  instrument.  In 
the  case  of  birds,  however,  the  mechanism  composing  the  mouth-piece 
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is  placed  at  that  part  of  the  mind-pipe  wliich  ia  next  tlie  lungs ;  and, 
consefjaently,  the  air  is  affected  by  it  hefore  it  entei-a  the  wind-pipe. 
In  theso  animals,  therefore,  tur  passes  through  the  wind-pipe  in  a  state 
of  sonorous  uadulatioa,  whereas  iu  the  human  apecles  undulations 
coraraeaee  after  it  leaves  the  wjnd-pipe. 

894.  Experiments  of  Cuvier.  —  CuYier  made  some  important  es- 
periroents  in  yerifieation  of  this  theory  of  the  vocal  organs  of  birds. 
He  found  that,  having  taken  off  the  head  of  a  duck,  the  voice  of  the 
animal  continued  to  Utter  cries,  both  loud  and  well  ai-tiealated,  for  a 
considerable  time  after  decapitation. 

895.  Organs  of  hearing.  —  The  organ  of  hearing  in  the  human 
species  consists  of  three  distinct  parts,  the  first  and  exterior  of  which, 
would  resemble,  iu  its  general  form  and  construction,  an  ear-trumpet, 
if  an  elastic  membrane,  such  as  a  piece  of  parchment,  were  stretched 
tight  over  the  inner  end  of  that  instrument  which  is  applied  tfl  the 
ear.  The  external  visible  part  of  the  ear  is  analogous  to  the  wide 
end  of  the  ear-trumpet,  and  serves  the  purpose  of  collecting  the  rays 
of  sound,  and  reflecting  them  inwards  into  the  pipe  which  forms  its 
continuation,  contracting  as  it  proceeds,  and  which  enters  an  appara- 
tus formed  in  the  skull  behind  the  external  and  visible  ear,  Thia 
pipe,  which  is  formed  of  the  same  cartilaginous  and  gristly  substance 
as  the  external  ear,  after  entering  the  skull,  and  gradually  contracting 
its  dimensions,  terminates  in  a  small  aperture,  which  is  covered  by  a 
membrane  tightly  stretched  over  it,  called,  from  its  analogy  to  the 
narchment  extended  over  a  drum-head,  the  memhrana  tympam  or 
drunMaemhrane  of  the  ear.  This  elastic  membrane  is  highly  suscept- 
ible of  vibration,  and,  when  affected  by  the  sonorous  undulation  of  the 
air  transmitted  to  it  by  the  tunnel  and  canal  already  described,  vi- 
brates in  correspondence  with  them 

Behind  this  membrane  is  the  second  chamber  of  the  ear,  which  is 
called  the  tympanum  or  di  um  of  the  ear,  and  corresponds  to  the  space 
between  the  two  heads  of  a  drum. 

This  chamber  is  filled  with  air,  which,  is  supplied  by  a  pipe  com- 
municating between  it  and  the  mouth.  This  free  communication  with 
the  mouth,  and  through  the  mouth  with  the  external  atmosphere, 
keeps  the  air  in  the  drum  constantly  in  equilibrium  with  the  atmo- 
spheric pressure,  and  its  contact  with  the  surrounding  bones  and  flesh 
keeps  the  air  within  it  at  the  constant  temperature  of  the  blood.  This 
conservation  of  pressure  and  temperature  is  essential  to  the  due  sen- 
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by  a  similar  elastic  membrane,  thus  conipletang  tho  analogy  of  the 
diuin.  Attached  to  the  memhrana  tympani,  ov  drum-membrane,  is  a 
chain  of  minute  bones,  whioh  are  carried  to  the  inner  ear,  and  appear 
to  perfoitn  some  functions  in  the  conduction  of  sound  which  have  not 
been  fully  explained.  It  aeema,  however,  certain,  that  this  chain  of 
bones,  which  are  capable  of  extension  and  contraction,  have  the  effect 
of  increasing  or  relaxing  the  tension  of  the  membrane  of  the  drum, 
and  thereby  rendering  the  organ  more  or  less  sensdble. 

Within  the  fenestra  oyalis  is  the  inner  ear,  filled  with  a  complicated 
mechanism  of  canals  and  ducts,  the  uses  of  which  are  very  imper- 
fectly understood,  and  can  scarcely  be  regarded  as  more  than  conjeo- 

Three  of  these,  which  have  a  semicircular  form,  and  which  are  dia- 
p  g      to  ca  h     h  sed  to     d  cat« 

ei,  whhiodpocedT  m 


h  d  "ic  be        T 
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The  representation  o£  tbe  ear  and  its  appendages  in_^g.  264,  may 
render  this  explanation  still  more  intelligible. 

The  funnel  of  the  external  ear  is  represented  at  a,  technically 
called  the  ala  or  wing ;  the  canal  which  leads  from  this  funnel  and 
enters  the  aperture  already  mentioned  in  the  sknll  is  represented  at 
b ;  the  mcmbrana  tympani  or  elastic  membrane  extended  over  the  end 
of  this  cana!  is  represented  at  cj  the  fenestra  ovalis  is  placed  at  u; 
aud  the  chain  of  small  bones  which  connects  the  membrane  of  the  tym- 
panum with  that  of  the  fenestra  ovalis  is  separately  represented  in  Jig. 
265.  hj  melt;  the  first  and  principal  of  these  bones  m,  attached  to  the 
surface  of  the  tympanum,  forming  a  sort  of  solid  radius  of  this  mem- 
brane, extends  from  the  centre  to  the  air.  The  membrana  tympani, 
■with  these  bones,  attached,  is  represented  in^^.  266.  There  are  seve- 
ral muscles  which  act  open  the  chain  of  small  bones  melt,  which  con- 
nect the  two  membranes  of  the  tympanum  and  the  fenestra  ovalis,  so 
as  to  contract  or  relax  them,  thereby  siraultaaeously  increasing  or 
diminishing  the  tension  of  the  two  drum-heads. 
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1.  In  tliB  hyJrostatic  press,  represented  in  fig.  172,,  tlie  diameter  of  the 
cylinder  c  is  1  ineli,  and  llial  of  Ihe  cylinder  c'  2 J  feet;  the  arm  of  the 
power  t  K  ia  9  faat,  and  the  arm  of  x  M  2j  inchaa ;  with  what  foree  will 
tha  plunger  a'  he  urged  upwards  by  a  weight  of  150  lbs.  applied  at  L? 

2.  A  oyliiidrioal  vessel  3  inches  in  diameter  and  1  foot  long,  is  let  down 
into  the  sea  5,000  feet;  what  pressure  will  be  exerted  on  the  convex  sur- 
face? and,  Eupposing  one  end  to  be  closed  by  a  wnter-tlght  stopper,  with 
what  force  will  it  be  urged  inwards^  (G30.  and  640.) 

.'!.  A  Greenland  whale  sometimea  haa  a  surface  of  3,600  square  feet: 
what  pressure  would  he  bear  at  the  depth  of  800  fathoms  ? 

NoTi.  — In  the  two  preceding  exainples,  aa  well  aa  in  arti tries  636.  and 
636.,  no  allowance  is  made  for  the  increased  specific  gravitj'  of  water  at 

4.  A  cubical  vessel,  each  side  of  which  is  ten  feet  square,  is  filled  with 
water,  and  a  tube  thirty-two  feet  long  is  fitted  to  an  apotttire  in  it,  whose 
area  is  one  square  inch.  If  the  tube  be  vertical,  of  the  same  diameter  as 
the  aperture,  and  filled  with  water,  what  is  the  pressure  on  the  interior 

in  the  tube? 

5.  What  is  the  pressure  on  the  bottom  of  the  vessel,  in  Eiample  4,  when 
the  weight  of  the  water  in  the  vessel  is  taken  into  account :  1st.  without  the 
vertical  ttibe,  and  ad,  with  it? 

6.  What  is  l!ie  pressure  on  each  vertical  side  of  the  vessel,  tbe  weight 
of  tha  water  both  in  the  tube  and  vessel  being  considered  1 

7.  A  sphere  15  feet  in  diameter  is  filled  with  water;  what  is  Ihe  entire 
pressure  on  the  interior  surface  %  and  what  is  the  weight  of  the  water? 
(G33,) 

8.  If  the  sphere,  in  the  preceding  example,  were  filled  with  mercury 
whose  sp.  gr.  is  13-598,  what  would  he  the  pressure  and  the  weight?  (637.) 

B.  A  solid  weighs  1,500  lbs.  in  air  and  1,335  lbs.  in  water ;  what  is  its 
specific  gravity? 

10.  If  the  air-weight  of  a  auhslanoe  soluble  in  water  be  960  grains,  and 
its  weight  in  mercury  183  grains,  what  is  its  specific  gravity? 
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n.  An  island  of  ice  tlsea  50  feet  out  of  water,  and  its  upper  Bnrfase  is  a 
circular  plane,  containing  Jtlis  of  a  squara  acre.  On  tlie  suppoaltion  that 
ihe  mass  is  cylindiloal,  luhat  ia  ila  weiKht  and  depth  below  the  water,  tha 
sp.  gr.  of  aea-WBier  being  l'02a,  and  that  of  ice,  '865 1 

12.  A  oj-Iindrical  vessel  3  feet  in  diameter  and  15  feet  higli  is  IiepI  con- 
slEinilj'  iilled  with  water;  a  circular  aperture  1  inch  in  diameter  being 
made  in  tha  bottom,  with  what  velocity  will  the  liquid  escape  ?  and 
what  quantity  will  escape  in  2  hours?  (682.,  685.,  and  687.) 

13.  If  the  vessel  in  the  previous  example  be  allowed  to  empty  itself, 
what  will  be  the  velooit/  of  efBax  at  the  commencement?  and  what  time 
will  be  required  for  the  complete  exhaustion? 

Note.  —  In  article  685.,  the  sectional  area  of  the  contracted  vein  is  slated 
to  bo  about  two-thirds  that  of  the  oriflce.  MeasurementB  of  the  vein  made 
of  late  by  many,  and  especially  by  Weisbaoh,  show  that  the  vein  at  a  dis- 
tance equal  to  about  half  the  width  of  the  orifice,  has  the  greatest  con- 
traction, and  a  diameter  -8  that  of  the  orifice.  Hence,  since  the  areas  are 
as  the  squares  of  the  diameters,  if  o'  be  the  sectional  area  of  the  con- 
tracted vein,  and  o.  that  of  the  orifice,  we  shall  have 

The  factor  -64  is  called  the  coefficknt  of  contraction.  But  experiments  made  by 
Miclielotii,  by  Eytelwein,  and  by  WeFsbaoh,  with  smoothly  polished  metal- 
lic otilices,  have  shown  that  the  effective  discharge,  ot  that  which  actually 
fIcwB  out,  amounts  to  from  06  to  68  per  cent,  of  the  theoretical  discharge, 
taltiiig  into  account  the  effect  of  the  contracted  vein.  Since  the  area  of  the 
orifice  remains  the  same,  the  theoretical  velocity  of   the  escaping  liquid 

eiBux.  This  loss  of  velocity  is  caused  by  the  friction  of  the  water  with  the 
siiles  of  the  orifice,  and  perhaps  by  the  imperfect  fluidity  of  the  water  it- 
self. Hence,  calling  the  real  or  effective  velocity  of  escape  v',  and  taking 
the  mean  pet-centage,  we  have 

t'  =  -97  V  =  'S?  X  2  v*  103  H. 
called  the  coefficknt  of  velocity.     Hence,  also,  we  shall  have 


=  ■64  0  X  '67  X  a  v"  103  a 

=  -69o  X  3  v'193n. 
The  factor  '62,  which  ia  the  product  of  the  coefBcients  of  contraction  and 
velocity,  is  called  the  coefficient  ofefflax. 

This  gives  us  for  the  quantity  actually  discharged  in  any  time  (, 

a  =  t  X  -69  0  X  S  y/T^sVi 
the  liquid  being  understood  to  be  kept  constantly  at  the  same  level. 

Similarly,  we  shall  have  for  the  actual  time  of  exhaustion  in  seconds, 

■62  0  •/IWb. 

The  above,  however,  must  be  regarded  only  as  a  mean  value  for  the  coeffl 

cient  of  efflux.      Multiplied  observations  have  shown  that  it  is  not  constant 

being  greater  for  small  orifices  and  for  small  velocities  than  for  lar^  ori 
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iioos  ami  great  velocities:  and  bcii 
small  orifioes  tlian  for  orifices  whic 
imate  to  tlie  circle. 

U.  The  horizontal  section  of  a  cylindrical  vessel  is  100  square  inches, 
its  altitude  is  50  inches,  and  it  has  an  orilice  whose  secliotial  aceit  is  one' 
tentli  of  a,  squarii  inch.     What  will  ba  tlia  actual  time  of  exhatislion  ? 

15.  If  a  piecB  of  stone  weigh  10  lbs,  in  air,  hul  onlj-  61  lbs.  in  water, 
what  is  its  specific  gravilyl 

Ifl.  Suppose  a  piece  of  elm  weighs  15  lbs.  in  air,  and  that  a  piece  of 
copper,  which  weighs  IS  lbs.  in  nir  and  16  lbs.  in  water,  is  affiled  to  it, 
and  that  the  compound  weighs  S  lbs.  in  water;  what  is  the  specific  gravity 
of  the  elm  1 

17.  A  piece  of  cast-iron  weighed  Si.f'^j  oz.  in  a  liquid,  and  40  oz.  out  of 
it:  of  what  sp.  gr.  is  that  fluid  J 

IS.  A  compound  weighing  113  lbs.  is  made  of  tin  and  copper;  the  sp. 
gt.  of  the  compound  is  S' 7 84,  that  of  tin  7-291,  and  that  of  topper  S'S50; 
what  is  the  quantity  of  each  ingredienti 

19.  How  many  cubic  feet  ate  there  in  a  ton  of  zinc?  (778.) 

20.  What  is  the  weight  of  a  block  of  Parian  marble,  whose  length  is  93 
feet,  and  its  breadth  and  thickness  each  12  feell 

21.  A  tube  30  inches  long,  closed  at  one  end  and  open  at  the  other,  was 
let  down  into  the  sea  with  the  open  end  downwards,  until  the  inclosed  ait 
occupied  only  one  inch  of  the  lube.  Assuming  the  truth  of  Maiiotte's  law, 
how  fat  did  it  descend?  (70B.,  (535.  and  640.) 

33.  A  spherical  air-bubble,  having  risen  from  a  depth  of  3,000  feet  in 
Bea-water,  was  nine  inches  in  diameter  when  it  reached  the  surface.  What 
was  its  diameter  in  its  original  position  1 

23.  A  cylindrical  tube  40  inches  long  is  half  filled  with  mercury  and 
then  inverted  in  a  vessel  of  mercury.  How  high  will  the  mercury  stand 
in  the  lube,  the  pressure  of  the  external  air  being  (alien  at  30  inches? 

94.  With  what  velocity  per  second  does  air  rush  into  a  vacuum  1 

Note.— The  reasoning  of  articles  679.,  680.,  681.,  and  682.  is  as  applicable 
to  this  case  as  to  that  of  liquids.  Hence,  ah-  ruahca  into  a  vacu-um  with  the 
veJocity  which  a  heavy  body  wcvid  acquire  by  falling  from  the  top  of  a  homogenc' 
DIM  atmosphere.  This  height  vacies  with  the  temperature  and  other  circum- 
stances. At  the  temperature  of  33°,  the  barometer  standing  at  30  inches, 
the  height  of  the  homogeneous  atmosphere  is  20,146  feet.     Hence,  denoting 


^  1,296  feel  per  second  nearly, 
hi-nder  storm,  I  saw  the  ilash  of  the  lightning  9  seconds  before 
h      bander,  the  thermometer  at  the  time  standing  at  84"  :  at  what 
w      the  cloud)  (E30.) 

—I     practice,  the  velocity  of  sound  is  taken  at  1,090  feel  per  sa- 
33°;  and  one  foot  is  added  foe  each  ad- 


•, being  dropped  into  a  retlioal  pit,  is  heard  to  strike  the  bottom 
r-468  I 
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nftet  10  seconds  liavo  elapsed :  how  deep  is  the  pit,  if  the  thonnomeler 
stands  at  33"?  and  how  deep,  if  it  stands  at  90°  1 

E7.  A  board  3  feet  square  is  moved  through  a  mass  of  water  with  tlio 
velocity  of  50  feet  pec  second ;  wliat  resistance  does  it  enconntev  ?    (093.) 

S8.  If  the  board  in  the  preceding  example  were  at  rest,  with  what  force 
would  it  be  strvicU  hy  a  stream  of  water  moving  90  feet  per  second  t  (693.) 

39.  A  cord  of  a  certain  length  and  diameter  makes  50  vibrations  per 
second,  when  stretched  with  a  force  of  50  lbs,;  with  what  fbrce  must  the 
same  cord  he  stretched  in  order  that  it  may  vibrate  75  times  per  second) 
(794.) 

30.  If  a  cord  whose  diameter  is  Jjth  of  an  inch,  length  7  feet,  and  ten- 
sion 144  lbs.,  make  36  vibrations  pet  second,  how  many  vibrations  per  se- 
cond will  be  made  by  a  cord  of  the  same  material  whose  diameter  is  ^'.jth 
of  an  ineli,  length  9  feet,  and  tension  324  Ihs.? 

31.  A  cube  whose  side  is  4  feel,  rests,  with  two  of  its  snrfhces  horizontal, 
150  feet  below  the  surface  of  a  lake ;  in  what  time  will  it  be  filled  through 
a  circular  aperture,  1  inch  in  diamaler,  in  its  upper  surface  1 

32..  A  cylindrical  vessel  whose  base  is  1  foot  in  diameter  and  whose  al- 
titude is  13  feet,  empties  itself  in  4  hours  by  a  circular  aperture  in  the  bot- 
tom ;  what  is  the  diameter  of  the  aperture  ? 

33.  A  lump  of  lime  weighing  8  lbs.  is  balanced  in  air  by  the  same  weight 
of  cast-iron  in  the  opposite  scale :  how  will  the  equilibrium  be  affected 
when  the  bodies  are  plunged  in  water?  and  by  what  weight  of  lime,  pro- 
perly disposed,  may  the  equilihtiura  be  restored  1 

34.  A  cubical  vessel,  whose  side  is  3  feet,  is  filled  half  with  mercury 
ami  half  with  water ;  what  is  the  ratio  of  the  pressure  on  the  vertical  sides 

35.  A  lump  of  gold  and  a  Uimp  of  silver  are  found  to  balance  each  other 
when  weighed  in  water ;  what  is  the  ratio  of  their  weights  i 

36.  The  tube  of  a  barometer  is  33  inches  long.  A  quarter  of  an  inch  of 
air  was  left  in  it  at  the  time  of  inversion.  When  the  mercury  in  this  baro- 
meter stands  at  2S  inches,  what  is  the  true  altitude? 

37.  The  orifices  in  the  equal  bases  of  two  uptight  prismatic  vessels  are 
in  the  ratio  of  2  to  1,  and  the  vessels  are  emptied  in  equal  Umos  ]  what  is 
the  ratio  of  their  altitudes  ? 
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LUMINOUS  AND   1 


896.  Physical  nature  of  light.  —  LigHt  13  the  physical  agent  "bj 
■which  the  external  world  is  rendered  manifest  to  the  &ense  of  sight. 

Opinion  has  long  been  divided  as  to  its  nature;  one  party  has  re- 
garded it  as  a  specific  fluid,  another  as  the  effect  ef  undulation. 

The  former  eonsidei  that  the  eye  is  affected  by  light  aa  the  sense 
of  smell  is  affected  by  the  odoriferous  effluvia;  the  latter  maintain 
that  light  is  to  the  eye  what  sound  is  to  the  ear.  Before  these 
theories,  however,  caa  be  understood,  or  their  claims  to  adoption  be 
appreciated,  it  will  he  necessary  that  the  chief  properties  of  light,  and 
the  phenomena  consequent  upon  them,  be  explained. 

897.  Bodies  Ivminous  aTid  non-luminms.  —  la  relation  to  th  p  o- 
duotion  of  light,  bodies  are  considered  as  luminous  and  non  1  m  n  u 

Luminous  Bodies,  or  luminaries,  are  those  which  are  original  «  a 
of  light,  such,  for  example,  as  the  sun,  the  flame  of  a  lamp  andle 
metal  rendered  red-hot,  the  electric  spark,  lightning,  and  bo  f   (h 

Luminaries  are  necessarily  always  visible  when  present  p  Id 
the  light  tbey  emit  be  strong  enough  to  excite  the  eye. 

Non-luminous  bodies  are  those  which  themselves  produce  no  light, 
but  which  may  he  rendered  temporarily  luminous  when  placed  in  the 
presence  of  luminous  bodies.  These  cease,  however,  to  he  luminous, 
and  therefore  Tiaible,  the  moment  the  luminary  from  which  they  bor- 
row their  light  is  removed.  Thus  the  sun,  placed  in  the  midst  of  the 
planets,  satellites,  and  comets,  renders  these  bodies  luminous  and  visi- 
ble; but  when  any  of  them  is  removed  &om  the  solar  influence  by 
sition  of  any  object  not  pervious  to  light,  they  eeaae  to  be 
is  manifest  in  the  case  of  lunar  eclipses,  when  the  globe  of 
tne  eartli  is  interposed  between  the  sun  and  moon,  and  the  latter-  6b- 
jeot  is  therefore  deprived  of  light.  A  candle  or  lamp  placed  in  the 
-   479. 
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room  renders  tho  walls,  furniture,  acd  surrounding  otijeota  tempo- 
rarilj  luminous,  and  therefore  visible ;  btit  if  tJie  oandle  be  screened 
by  any  object  not  pervious  f«  light,  those  parts  of  the  room  from 
which  light  is  intercepted  would  become  invisible,  did  they  not  receive 
some  light  from  the  other  parts  of  the  room  still  illuminated.  If, 
however,  the  candle  or  lamp  be  completely  covered,  all  the  objects  in 
tho  room  become  invisible. 

898,  Transparency  and  opacity.  —  In  relation  to  the  propagation 
of  light,  bodies  are  conaidered  as  transparent  and  opaque.  Bodies 
through  which  light  passes  freely  are  called  transparent,  because  the 
eye  placed  behind  them  will  see  such  light  through  them.  Bodies,  on 
the  contrary,  which  do  not  admit  light  to  pass  through  them,  are  called 
opaqne ;  and  such  bodies  consequently  render  a  luminary  invisible  if 
interposed  between  it  and  the  eye. 

Transparency  and  opacity  esist  in  various  bodies  in  different  degrees. 
Glass,  air,  and  water  are  examples  of  very  transparent  bodies.  The 
metals,  stone,  earth,  wood,  &c.  are  examples  of  opaque  bodies. 

Correctly  speaking,  no  body  is  perfectly  transparent  or  perfectly 
opaque. 

899.  JVo  hody  perfeel  ly  transparent. — There  is  no  substance,  how- 
ever tiaosparent,  which  does  not  intercept  some  portion  of  ligtt,  how- 
ever small.  The  light  is  thus  intercepted  in  two  ways ;  first,  when 
the  light  falls  upon  the  surface  of  any  body  or  medium,  a  portion  of 
it  is  airested,  and  either  absorbed  upon  the  surface,  or  reflected  back 
from  it;  the  remainder  passes  through  the  body  or  medium,  but  in  so 
passing  more  or  less  of  it  is  absorbed,  and  this  increases  according  to 
the  extent  of  the  medium  through  which  the  light  passes.  Analogy, 
tbercfore,  justifies  the  conclusion  that  there  is  no  transparent  medium 
which,  if  sufficiently  extensive,  would  not  absorb  ail  the  light  which 

A  very  thin  plate  of  glass  is  almost  perfectly  transparent,  a  thicker 
is  less  so,  and  according  as  the  thickness  is  increased  the  fi-ausparenoy 
will  be  diminished.  The  distinctness  with  which  objects  are  seen 
through  the  wr  diminishes  as  their  distance  increases,  because  more 
or  less  of  the  light  transmitted  from  them  is  absorbed  in  its  progress 
through  the  atmosphere.  This  is  the  case  with  the  sun,  moon,  and 
other  celestial  objects,  which  when  seen  near  the  horizon  are  more 
dim,  however  clear  the  atmosphere  may  be,  than  when  seen  in  the 
zenith.  In  the  former  case,  the  light  transmitted  from  them  passes 
through  a  greater  mass  of  atmosphere,  and  more  of  it  is  abwrbed  Ac- 
cording to  Bouguer,  sea-water  at  about  the  deptt  of  700  feet  would 
lose  all  its  transparency,  and  the  atmosphere  would  be  impeivious  to 
the  sun's  light  if  it  had  a  depth  of  TOO  miles. 

900.   Various  degrees  of  transparency. — The  transparency  of  the- 
sarao  substance  varies  according  to  the  density  of  its  structure,  the 
transparency  generally  increasing  with  the  density.     Thus,  charcoal 
^0       I 
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19  opaque;  but  if  the  same  charcoal  he  converted  into  a  diamond,  which 

it  may  be,  ■without  any  change  of  the  matter  of  which  it  is  ' 

it  will  become  transpaTent. 

Bodies  are  said  to  be  imperfectly  transparent,  or  a 
when  light  passes  through  them  so  imperfectly,  that  the  forms  and 
coloura  of  the  objects  behind  them  cannot  be  distinguished.  Ground 
glass,  paper,  and  thin  tissues  in  general,  foggy  air,  the  clouds,  horn, 
and  various  speraea  of  shell,  such  as  tortoise-shell,  are  examples  of 
this. 

The  degrees  of  this  imperfect  transparency  are  infinitely  various ; 
some  substances,  such  as  horn,  being  so  nearly  transparent  as  to  ren- 
der the  form  of  a  luminous  object  behind  it  indistinctly  visible. 
Porous  bodies,  which  are  imperfectly  transparent,  usually  have  their 
transparency  increased  by  filling  their  pores  witt  some  transparent 
liquid.  Thus  paper,  which  is  imperfectly  transparent,  is  rendered  ■ 
much  more  transparent  by  saturating  it  with  oil,  or  by  wetting  it  with 
any  liquid.  The  variety  of  opal  called  hydrophane  is  white  and  opaque 
when  dij,  but  when  saturated  with  water  it  becomes  transparent. 
Ground  glass  is  rendered  more  transparent  by  pouring  oil  upon  it. 
Two  plates  of  ground  glass  placed  one-  upon  the  other  are  veKf  ira- 
perfeotly  transparent;  but  if  the  space  between  them  be  filled  with 
oil,  and  their  estemal  suifaces  be  rubbed  with  the  same  liquid,  they 
will  be  rendered  nearly  transparent. 

901.  Opaqus  bodies  become  transparent  when  sufficiently  atten- 
uated. —  Bodies,  however  opaque,  lose  their  perfect  opaeity  when  re- 
duced to  the  form  of  extremely  attenuated  laminje.  QroXA,  one  of 
the  most  dense  of  metals,  is,  in  a  state  of  ordinary  thickness,  per- 
fectly opaque ;  but  if  it  be  reduced  to  the  form  of  leaf-gold  by  the 
pixwess  of  the  gold-beater,  and  attached  to  a  plate  of  glass,  light  will 
pass  partially  through  it,  and  to  an  eye  placed  behind  it  it  will  appear 
of  a  greenish  colour.  Other  metals,  when  equally  attenuated,  show 
the  same  imperfect  opacity. 


902.  Liglit  transmitted  in  straight  lines.  —  One  of  the  first  pro- 
perties recognised  in  light  by  universal  observation  and  experience  is, 
that  when  transmitted  through  a  uniform  medium,  it  maintains  a  rec- 
tilinear course, 

A  Inminoua  point  is  a  centre  from  which  light  issues  in  every  direc- 
41  48] 
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tioD  througli  the  surrounding  space  in  straight  lines.  This  effect  of 
rectilinear  propagation  in  all  directions  from  a  common  centre  is  called 
radiation. 

Any  straight  line  along  which  light  is  transmitted  is  called  a  ray 
of  light. 

Any  point  from  which  raja  of  light  radiate  through  the  surrouud- 
ing  space,  is  called  a  luminous  point. 

The  rectilinear  propagation  of  light  is  estahlished  hy  numerous  ex- 
amples, and  by  a  vast  variety  of  effects,  of  which  it  affords  the  ex- 
planation. If  any  opaque  object  be  interposed  in  a  right  line  between 
the  eyo  and  a  luminous  point,  the  luminous  point  will  cease  to  be  visi- 
ble; but  if  the  opaque  object  be  removed  in  the  slightest  degree  from 
the  direct  line  between  the  eye  and  the  iuminou?  point  the  latter  will 
1     orae  mmed  itely  t  aible 

This  law  n  ts  atr  ctest  sense  miy  1  e  vor  he  1  }j  the  f  How  ng  ex 
\  e  ment  Let  thiee  d  ska  be  p  erced  eacl  ^  th  a  mall  hole  and 
1  t  then  le  alta  be  1  to  a  stra  ^ht  od  sn  1  a  manner  tl  at  the 
tb  ee  loles    hall  be  pecsely    n  the  same  staght  1  ne    anl  con 

|uen  1^  at  the  same  distance  f  o  n  the  rod  If  a  I  gl  t  be  place  I 
1  h  nd  one  of  tl  o  extreme  d  ali  anl  tl  e  eye  beh  ud  tbo  otl  e  s  tl  o 
1  ht  w  11  be  V  s  ble  The  ray  theref  e  wh  ch  r  nde  s  t  a  ble 
m  t  pass  sue  e  s  ly  throngh  the  holes  m  the  two  extreme  disl « 
an  \  the  to  med  a  e  d  si  b  t  f  the  nfermed  ate  d  ak  be  si  ^btly 
moved  on  e  ther  «  de  o  upwards  or  1  wnwards  or  n  a  word  nave 
t  po  tiou  de'anged  n  ny  manner  o  that  a  th  ead  stretched  be 
f  een  the  holes  n  he  extreme  1  shs  vould  not  pass  througl  the  hole 
n  the  mterme  1  ate  J  ak  then  tl  e  1  ^ht  w  11  be  no  longer  v    ble 

'^03  Pe  c  I  of  ay  — Any  collection  of  ijs  hav  ug  -i  lum  ous 
JO  nt  as  the  r  common  or  g  n  and  mol  ded  w  th  n  the  a    f  co  of  a 

ne  o  a  y  other  regular  1  m  t  a  called  a  pm  7  of  rays  The 
\  nt  f  om  wb  cb  sncb  nya  dive  ge  and  wb  ch  a  the  ap  x  of  the 
0  9    3  called  the  focus  of  he  penc  1 

W  hen  the  surf  ce  of  a^y  object  ece  ves  1  gbt  f  o  aim  noua 
I  nt  t  a  cu  toraa-j  to  cons  1  each  port  on  of  such  smfiice  aa  the 
base  of  a  pencil  of  rays,  the  foena  of  which  is  the  luminous  point,  so 
that  the  illuminated  surface  of  any  body  is  considered  aa  composed  of 
the  bases  of  a  number  of  pencils  of  rays  having  the  luminous  point  as 
their  common  focus. 

When  raya  radiate  from  a  luminous  point  in  this  manner,  tioy  are 
called  divergent. 

But  cases  will  be  shown  hereafter,  in  which  such  raya  may  be  ao 
changed  in  their  dirpction,  that,  instead  of  diverging  from  the  same 
point,  tbey  will  converge  to  a  common  point  In  this  case  the  rays 
are  called  comierging  rays,  the  pencils  converging  pencils,  and  the 
point  towards  which  the  rays  eonyerge,  and  at  which  they  would 
meet,  if  not  intercepted,  is  called  the  focus  of  lite  pencil 

.,.,.,  Gffislc 
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00-1,  Skadov!  of  a  body.  — When  light  radiating  from  a  lumiaous 
point  througli  the  Burrouncling  apaoe  encounters  au  opaque  body,  it 
wiil  be  excluded  from  the  space  behind  such  body.  The  spsice  ftom 
■which  it  is  thus  excluded  is  called  the  sliaAow  of  the  opaque  body. 

This  term  slutdow  ia  Bometiraea  applied,  not  to  the  apace  from 
which  the  light  is  thus  escladed,  but  to  a  section  of  such  space  formed 
upon  the  surface  of  some  body  placed  behind  the  opaque  body  which 
intercepta  the  light.  Thus,  liieifloor  or  wall  of  a  room  intersecting 
the  space  from  which  light  is  esciuded  by  an  opaque  body  placed 
between  such  wall  or  floor  and  a  luminary,  will  exhibit  a  dark  figure, 
resembling .  more  or  less  in  outline  the  body  which  intercepts  tlie 
light. 

If  a  straight  line  be  imagined  to  be  drawn  from  the  luminous  point 
to  the  boundary  of  the  opaque  body,  and  to  ho  continued  beyoud  it 
indefinitely,  such  line  being  ima^ned  to  be  moved  round  the  opaque 
body  following  its  limits  and  ita  form,  that  part  of  the  line  which  is 
beyond  the  body  will  pass  through  a  surfeee  which  will  form  the 
limits  of  the  shadow  of  sucli  body,  or  of  the  apace  from  which  it  ex- 
cludes the  light.  K  such  line,  however,  encounter  a  wall,  screen,  or 
other  surface,  it  will  trace  upon  such  surface  the  limita  of  the  shadow, 
ia  the  common  acceptation  of  that  teim. 

If  the  opaque  object  be  a  sphere,  or  any  otier  figure  whose  section 
taken,  at  right  angles  to  the  direction  of  tbe  luminous  pencil  is  a 
circle,  the  shadow  will  be  a  truncated  cone,  as  represented  mfig.  267. 


ri„  9bS 


,  such,  for  example,  as  a  square, 
ia  called  a  truncated  pyramid, 


If  thesett  onboof  iieitilmcarfignt 
the  shadow  will  he  what  in  geometry 
as  represented  ha  jig.  268. 

There  is,  howcYer,  no  luminary  which,  strictly  speaking,  is  a  lumi- 
nous point.  All  luminous  objects  have  a  certwn  definite  surface  of 
more  or  less  extent,  and  consist  therefore  of  an  infinite  number  of 
luminous  points.  Now  each,  luminous  point  of  such  a  body  is  tie 
focus  of  an  independent  pencil  of  luminous  rays,  and  each  auch  pencil 
encountering  an  opaque  object  will  produce  an  iadependont  shadow. 
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905.  Cause  of  penwnhra:. — -This  givaa  rise  to  phenomena  whioli  it 
hi  necessary  here  more  fully  to  esplain. 

Let  0  "Ojfig.  269,  represent  the  section  of  an  opaque  object,  and 
kt  B  A  represent  the  section  of  a  luniioary.  b  a  will  tliea  consist  of 
a  line  of  luminous  points,  from  eaoli  of  whicli  a  pencil  of  rays  will 
issue.  The  pencil  which  issues  from  the  point  e,  will  encounter  the 
object  C  D,  and  the  estreme  rays  of  the  pencil  grazing  the  eiJge  of 
the  object,  will  proceed  in  the  direction  o  b'  and  d  b",  being  the  con- 
tinuation of  the  lines  e  c  find  b  d.  Now  it  is  oYident  that  the  light 
proceeding  from  the  point  b  will  he  excluded  from  the  space  included 
between  the  hues  o  b  and  d  b 

la  like  manner  it  may  be  shown  that  the  light  issuing  fiom  the 
point  A  will  be  excluded  from  the  '^pice  included  between  the  hues 
0  a'  and  DA  It  will  al^o  be  emly  percened  that  the  hght  pro- 
ceeding from  all  the  luminous  pcmte  from  A  to  b  will  be  excluded 
from  the  space  mcluded  between  the  lines  0  b  and  d  a  ,  while  more 
or  l^ia  of  such  light,  accoidm  to  the  poaition  of  the  lummons 
points,  will  enter  the  space  mcluded  between  the  hues  c  a  and  c  b  , 
and  the  bnes  D  A  and  d  b  respectively  The  space,  therpfnre  in- 
cluded between  the  Imes  c  B  ind  D  A  ,  from  which  the  entae  light 
of  the  lammary  A  b  is  excluded,  is  called  the  ambia  oi  absolute 
shadow ,  while  the  'picea  mcluded  between  c  a  ■lud  c  b  and  be 
tween  da  tnl  db  ,  from  which  the  light  ot  the  luminary  ab 
is  only  partially  excluded,  is  called  the  penwnhra,  cr  impertect 
shadow 

If  a  screen  be  fixed  behind  thp  body  0  d,  the  shadow  in!  pmum 
bra  will  be  oast  upon  it,  aul  will  be  perceptible  At  b  and  \.  ,  the 
boundaiies  between  the  shadow  and  the  penumbra,  the  limit  of 
shadow  will  be  scarcely  discciniblej  and  the  slndow  will  become 
gradually  leas  daik,  proceeding  from  auLh  points  to  thi  points  a  and 
B",  which  aie  the  limits  of  the  pcnuwbii  The  points  A  and  B 
respectivciy  leceiYe  hght  from  all  the  points  between  A  and  b,  but  a 
point  below  a'  receives  no  light  from  the  point  a,  or  from  the  points 
immediately  above  it. 

In  like  raaoner  the  points  immediately  above  b"  receive  no  light 
from  the  point  e,  or  the  points  immediately  below  it ;  and  as  we  pro- 
ceed onwards  along  the  penumbra,  the  nearer  we  approach  to  the 
limits  b'  and  a",  the  leas  will  be  the  number  of  luminous  points  of 
the  luminary  A  B  from  which  light  will  be  received.  Hence  it  is, 
that  the  obscurity  of  the  penumbra  augments  by  degi'ees  in  proceed- 
ing from  its  ontwai-d  limits  to  the  limits  of  the  umbi-a,  where  the 
obscuritj  becomes  complete. 

S06.  Forms   and   dimensions  of  sliadow.  —  When   an  object  is 

placed  with  its  principal  plane  parallel  to  the  plane  of  a  screen,  both 

being  at  right  angles  to  the  pencil  of  rays  whicli  proceeds  from  the 

luminary,  the  outline  of  the  shadow  will  resemble  the  outline  of  the 
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object;  but  if  the  pencil  fall  obliquely  on  tte  object,  or  if  the  screen 
he  not  parallel  to  it,  then  the  form  and  diniensiona  of  the  shadow 
will  be  distorted,  the  relative  pioportiooa  and  directions  heing  different 
from  those  of  the  object. 

"When  the  sun  is  near  the  horizon,  the  shadow  of  an  object  stand- 
ing vertically,  which  ia  cast  upon  a  vertical  wall,  will  present  the 
form  of  the  object  with  but  little  distortion,  but  the  shadow  which  ia 
cast  apou  the  level  ground  will  be  disproporiaonally  elongated  ia  re- 
Ijition  to  its  breadth. 

907.  lAghi  dminislied  in  brightness  by  distance. — The  intensity 
of  light  lohiek  issues  from  a  luminous  point  diminishes  in  the  same 
proportion  as  the  square  of  the  distance  from  sucJt  point  increases. 

TMs  is  a  common  property  of  radiation,  and  has  been  already  ex- 
plained in  the  case  of  the  radiation  of  sound.  The  intensity  of  the 
light  at  any  point  is  in  the  direct  proportion  of  tlie  number  of  rays 
wliich  fall  upon  a  surface  of  given  magnitude,  or  in  the  inverae  pro- 
portion of  tie  surface  over  which  a  given  number  of  rays  are  dif- 
fused. 

Now  let  us  suppose  a  luminous  point  radiating  ia  ali  directions 
round  it  to  he  the  centre  of  a  sphere.     Let  two  spheres  be  imagined, 
having  the  luminous  point  as  a  common  centre,  and  the  radius  of  one 
being  double  the  radius  of  the  other.     The  surface  of  the  greater 
sphere  will  be  therefore  twice  as  far  from  the  luminous  point  as  the 
surface  of  the  leaser  sphere ;  and  since  the  surfaces  of  splierea  are  in 
tbe  ratio  of  the  squares  of  their  radii,  the   surface  of  th    g     te 
sphere  will  be  four  times  that  of  the  lesser.     Now  since  all  th    1  ght 
issuing  from  the  luminous  point  is  diffused  over  the  surface    f       h 
sphei-e,  it  is  clear  that  its  density  on  the  surface  of  the  less       ph 
will  be  greater  than  its  density  on  the  surface  of  the  greate      ^h 
in  the  exact  proportion  of  the  magnitude  of  the  surface  of  th    g     t 
sphere  to  the  magnitude  of  the  surface  of  the  lesser  sphere    th  t 
in  the  present  example,  as  4  to  1      In  general  it  is  evident,  theiefore, 
thit  the  Bupeifioial  space  over  which  the  ray^  issumg  from  a  lummous 
pomt  aie  diffused,  is  ia  the  inverse  pioportion  of  the  ^quare^  of  the 
distances  from  the  luminous  point 

It,  theiefoie,  any  opaque  surface  be  presented  at  nght  angles  to 
the  lays  proceeding  from  a  luminous  pomt,  the  intensity  of  the 
illumination  which  it  receives  will  be  increased  in  the  sime  propor 
tion  as  the  squaia  of  its  distance  from  it^  luminous  point  is  dimin 
ished 

Since,  then,  the  intensity  of  the  light  proceeding  frjm  each  lumi- 
nous point  IS  imersely  aa  the  square  tf  the  li'-tance  fr  im  such  point, 
it  follows  that  the  intensity  of  me  light  pioceedmg  from  any  luminary 
will  depend  conjointiy  on,  first,  the  number  of  luminous  pointa  upon 
the  luminary,  or,  what  is  the  same,  the  magnitude  of  the  luminous 
surface ;  secondly,  on  the  intensity  of  the  light  of  each  luminous  point 
4S5 
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composiag  such  surface ;    and  thirdly,  upon  tlie  distance  fram  the 
luminary  at  which  the  illuminated  object  is  placed. 

908.  Absolute  h-ilhancy  depends  coijoinlly  on  absolute  intensity 
and  distance.  —  The  absolute  brilliancy  of  each  luminous  point  com- 
posing any  luminous  object  is  called  the  absolute  intensity  of  its  light. , 
Let  tliis  be  expressed  by  i.  Let  the  number  of  luminous  points  com- 
posing it,  or  tlie  magnitude  of  ita  luminous  surface,  be  expressed  by 
s,  and  let  the  distance  of  the  illuminated  object  from  the  luminary  be 
expressed  by  d.  The  brilliancy  of  the  illumination  will  tben  be  ex- 
pressed by 


In  other  words,  the  brilliancy  of  the  illumination  ia  proportional  to 
the  absolute  intensity  of  the  luminary  multiplied  by  the  magnitude  of 
its  illuminating  surface,  and  divided  by  the  square  of  the  distance  of 
the  illuminated  object  from  it. 

fl09.  Effect  of  obligwit.y  of  the  ligU.  —  It  is  here  supposed,  how- 
over,  that  the  illuminated  surface  is  placed  at  right  angles  to  the  rays 
of  light,  as  would  he  the  case  with  the  surface  of  a  sphere  surround- 
ing a  luminous  centre ;  but  as  it  seldom  happens  that  the  illuminated 
sur&ce  has  exactly  this  portion,  it  is  necessary  to  inquire  in  what 
manner  the  brightness  of  the  illumination  will  be  affected  by  ita  ob- 
liquity to  the  rays  of  light  falling  upon  it. 

Let  K,j%  270  ,  be  a  pencil  of  rays  which  we 
slnll  heie  suppose  to  be  parallel ;  andletABbe 
a  smf'if.e  on  which  these  rays  fall.  Let  this  sur- 
iiice  he  supposed  to  be  cipable  of  being  tuwiecl 
upon  the  pni     A       a     ntr         h    g     so  as  to 


rays      If  it  ^ 
■  s  to  f 


bh 


^  J 


£    at  right 

f   h   ny       would  re- 

ud  d  be  ween  the 


cure  upon  it  a]     b 

bnesAXindBY  ii  D  n  n  p  loUAB, 
it  will  iccoive  uiron  it  only  the  rajs  included  be- 
tween the  lines  a  x  and  b'  r'.  K  it  be  in  the 
position  A  b",  it  will  receive  upon  it  only  the  rays 
included  between  the  lines  a  X  and  b"  y".  Again, 
if  it  bo  in  the  position  a  b'",  it  will  receive  npon 
it  only  the  rays  which  are  included  between  tho 
"      '  linffit  a  s  and  b'"  y'". 

Thus  it  IS  quite  npparent  tiat  as  the  obliquity  of  the  surface  upon 
which  the  rays  fall  to  the  direction  of  the  rays  is  increased,  the  num- 
ber of  rays  incident  upon  such  surface  will  be  diminished,  and  that 
this  diminution  will  be  in  the  proportion  of  the  distances  B'  z',  b"  z", 


"  z'",  &c. 
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These  lines  are  called  iu  geometry  the  sines  of  the  angles  formed 
hy  the  surfaoea  b'  a,  b"  a,  &o.,  with  the  direction  of  the  rajs. 

It  followa,  therefore,  that  the  intensity  of  the  illumination  pro- 
duced npon  a  given  surface  hj  a  given  peccil  of  rays  will  diminish  ia 
the  same  proportion  as  the  sine  of  the  angle  of  obliquity  of  such  sur- 
face to  the  direction  of  the  raya  is  diruinished. 

It  follows,  therefore,  evidently  from  this  that  the  illumination  ia 
greatest  when  the  surface  is  at  right  aaglw  to  the  rays,  and  gradually 
diminishes  untU  the  surface  js  in  the  direction  of  the  rays,  when  it 
ceases  altogether  to  he  iliurainafed. 

910.  Methods  of  comparing  the  iUuminaling  power  of  lights.  — 
If  two  Imnioai-ies,  having  eqof3  iuminons  autfiiees  at  equal  distances 
from  the  same  whil«  opaque  surface,  placed  at  the  same  angle  with 
the  raya,  shed  lights  of  eqiial  hrightness  on  such  surface,  it  follows 
that  their  absolute  intensities  must  be  equal. 

In  that  case,  the  distances  and  the  luminous  surfaees  being  respect- 
ively equal,  there  is  do  other  condition  which  can  affect  the  illumi- 
nation,  escept  the  intensity  of  the  light  proceeding  ft-om  each  lumi- 
nous point;  and  since,  therefore,  the  illuminations  ai'e  equal,  these 
intensities  must  be  equal. 

If,  on  the  contrary,  two  siioh  luminaries  so  placed  produce  different 
degrees  of  illumination  on  the  same  surface,  their  absolute  intensities 
must  be  different,  and  must  be  in  the  proportion  of  the  illuminations 


ich  produces  the  a 
inated  object,  until  its 
Illumination  equal  to 


they  produce.    If  in  this  case  that  luminary  whic 

feeble  illumination  be  moved  towards  the  illumin; 

proximity  is  increased,  so  that  it  produc 

that  of  the  other  luminary,  then  the  absolute  iatemtj  o 

luminaries  will  be  as  the  squares  of  tbeir  distances.     This  may  be 

demonstrated  as  follows : — 

Let  B  express  the  biilliancy  of  the  illumination  produced  by  the 
two  luminaries.  Let  8  express  the  common  magnitude  of  their  lumi- 
nous surfaces.  Let  I  and  i'  express  their  intensities,  and  let  d  and  d' 
express  those  distances  which  render  their  illuminations  equal;  we 
shall  then  have  for  the  one 


consequently,  we  shall  have 
and  consequently, 


.eiiogic 
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911,  Photometry. — Tte  art  of  measuring  the  inteiieif.y  of  ligtt  ty 
observatioa  is  calJed  pltoiomelrt/,  aod  the  iDStruments  or  espcdients 
seizing  tliis  purpose  are  called  'photometers. 

The  most  simple  form  of  photometer  is  that  which  may  be  called 
the  method  of  shadows,  and  which  is  founded  upon  the  principle 
which  has  just  been  demonstrated, — that  with  equal  illumination  tho 
intensity  of  the  light  is  directly  as  the  square  of  the  distance  of  tte 
lumiaary. 

912.  Photometer  by  skadotes. — This  photometric  apparatus,  the  in- 
vention of  which  is  due  to  Count  Rumford,  oonaista  of  a  white  screen 
fixed  io  a  vei'tical  position,  haTing  a  small  opaque  rod  placed  at  a  short 
distaaoe  from  it,  also  in  a  vertical  position.  The  screen,  rod,  and  the 
two  lights  whose  powers  are  to  be  compared,  are  so  placed  relatively 
to  each  other,  that  the  two  shadows  of  the  rod  formed  by  the  two 
luminaries  oa  the  seieen  shall  just  touch  without  overlaying  eaoli 
other.  Under  these  ciieumatanees,  it  is  evident  that  the  space  on  the 
screen  occupied  by  the  shadow  pioceeding  from  each  luminary  will  be 
illuminated  by  the  other  lummary.  Thus,  two  spaces  on  the  screen 
are  exhibited  in  lustaposition,  each  of  which  is  illuminated  by  one 
of  the  luminaiiM  independent  of  the  other.  It  will  at  first  be  found 
that  these  two  spaces  will  be  unequally  bright.  The  position  of  the 
luminaries,  or  of  the  screen  or  rod,  must  then,  one  or  all,  be  changed 
until  the  two  shadows,  being  still  kept  in  juxtaposition,  appear  to  be 
equally  bright,  so  as  to  present  a  uniform  shadow.  Let  the  distance 
of  the  two  luminaries  from  the  shadows  be  fien  measured,  and  it  will 
follow,  according  to  the  principle  that  baa  been  already  established, 
that  the  intensities  of  the  two  lumin^^  will  be  as  the  squares  of 
these  disfances. 

If  in  this  case  tie  two  luminaries  have  equal  luminous  surfaces, 
their  absolute  intensities  will  be  in  the  ratio  of  the  squares  of  their 
distances  j  but  if  either  lumi- 
nous surfiice  be  unequal,  the 
squares  of  the  distances  will 
represent  the  proportion,  not 
of  their  absolute  intensities, 
but  of  the  products  of  their 
absolute  intensity  multiplied 
'jy  their  luminous  surface. 

913.  Rilckie^s  pkolomeler. 
— Another  photometer,  on  a 
simple    and    beautiful  prin- 
ciple,  proposed  by  the  late 
^^'  ^''^'  Professor  Eitchie,  and  repre- 

sented in^g-.  271.,  consists  of  a  reotangulai'  box  about  an  inch  and  a 
half  or  two  inches  wide,  and  eight  inches  long,  open  at  both  ends, 
and  blackened  in  the  middle.     In  the  centi'e  of  ite  length  are  two 
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surfaoea  placed  at  riglit  angles  with  each  other,  and  at  au  angle  of 
45°  with  t]ie  bottom  of  the  bos.     Upon,  these  euvfiices,  white  paper 
is  pasted.     A  round  hole  is  oia^le  ia  the  top  of  the  hos  immediately 
over  the  line  formed  by  the  edges  of  the  paper,  so  that  an  eye  look- 
lag  in  at  this  hole  may  see  equally  tbe  two  snifaces  of  paper.     To 
compare  two  lights,  the  iDstrument  is  placed  in  such  a  m    n     b  f 
them  that  each  may  illuminate  one  of  the  pieces  of  pape       Th    d 
tahce  of  the  lights  from  the  sur&ees  of  the  paper  are  th  n  to  be 
adjusted  by  successive  trials  that  the  two  gurfeces  of  paf       h  11    p 
pear  to  the  eye  of  uniform  brightness.    In  that  case,  the  Urn         n 
of  the  surfaces  being  the  same,  tbe  illuminating  poweiis    f   h    1 
nailea  will  be  in  the  same  proportion  as  the  squares  of  th      d  ta 
from  the  paper,  the  principle  of  this  being  tLe  same  as  that  of  the 
photometer  of  Count  Rumford. 

In  this  and  all  similar  experiments,  the  colour  of  the  light  exercises 
a  material  influence  on  the  results;  and  the  comparative  brilliancy 
cannot  be  ascertained  with  any  precision,  unless  the  two  luminaries 
give  light  of  nearly  the  same  colour. 

914.  Method  of  cowfaring  the  absolute  hilensUy  of  ligU. — When 
it  is  desired  to  ascertain  the  absolute  intensities  of  the  lights,  it  is, 
as  has  been  stated,  necessary  to  expose  equal  illuminating  suriaces  to 
the  photometric  apparatus;  but  as  it  is  not  always  easy  to  produce 
luminaries  having  surfaces  exactly  equal,  this  object  may  be  atttdued 
by  the  following  expedient ; — Let  two  opaque  screens,  having  holes  in 
them  of  esactlj  equal  magnitude,  fee  placed  near  and  exactly  opposite 
to  tbe  middle  of  each  luminous  surface.  The  rays  of  light  which 
piws  through  the  two  apertures  will  in  such  case  proceed  from  equal 
portions  of  the  surfaces  of  the  two  luminaries,  and  the  result  of  the 
experiment  will  therefore  rfiow  the  absolute  intensities. 

915.  IniensUy  of  solar  light.  —  The  sun  produces  the  most  in- 
tense illumination  with  which  wo  are  acquainted.  This  arises  pai-tly 
from  the  absolute  intensity  of  that  luminary,  and  partly  from  the  vast 
extent  of  his  luminous  surface.  The  diameter  of  the  sun  is  very 
near  a  million  of  miles,  and  consequently,  being  a  sphere,  the  super- 
ficial extent  of  his  surface  is  about  three  miOions  of  square  miles; 
'■  'Ut  as  one-half  the  surface  only  is  presented  tfl  us  at  any  one  time, 
the  magnitude  of  it  will  be  a  million  and  a  haK  of  square  miles. 

916.  Electric  light.  —  The  moat  brilliant  artificial  light  yet  pro- 
duced is  inferior  to  the  splendour  of  aolar  light  in  an  incredible  pro- 
portion. The  brightest  artificial  lights  are  those  produced  by  the  con- 
tact of  charcoal  points,  through  which  a  galvanio  current  passes,  and 

.  by  lime  submitted  to  the  heating  power  of  the  oxyhydrogen  blow-pipe. 
These  lights,  however,  when  projected  on  the  disk  of  tbe  &un,  appear 
nevertheless  as  a  blank  spot. 
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917.  Reflection  varies  accordmg  to  Ihe  qualUy  of  tlie  surface.—- 
When  rajB  of  liglit  eneountei'  the  surface  of  an  opaque  hoijy,  tliey 
are  arrested  in  their  progress,  such  surfeees  not  being  penetrable  by 
them.  A  certdn  part  of  them,  more  or  less  according  to  the  quality 
of  the  aurfece  and  the  nature  of  the  body,  is  absorbed,  and  the  re- 
maining part  is  driven  back  into  the  medium  from  which  the  rays 
proceed.  This  reooi!  of  the  rays  from  the  surface  on  which  they  strike 
is  called  refieclitm,  and  the  light  thus  returning  into  the  same  medium 
from  which  it  had  arrived,  is  said  to  be  refiecled. 

The  manner  in  which  the  light  is  reflected  from  such  a  surfece 
varies  according  as  the  surface  is  polished  or  unpolished,  and  accord- 
ing to  the  degree  to  which  it  is  polished. 

We  shall  consider  three  cases  :  Ist^  that  of  a  surface  absolutely  nn- 
polished;  2dly,  that  of  a  surfece  prafectly  polished  j  and  3dlj,  that 
of  a  surface  imperfectly  polished. 


EEFLECTION   mOM 

Ip  light  fell  upon  a  unifoi'mly  rough  surface  of  an  opaque  body, 
each  pomt  of  such  surface  becomes  the  focus  of  a  pencil  of  reflected 
light,  the  rays  of  such  pencil  diverging  equally  in  all  directions  from 
such  focus. 

The  pencils  which  thus  radiate  from  the  various  points  are  those 
which  render  the  surface  viable.  If  the  light  were  not  thus  reflected 
indifferently  in  all  directions  from  each  point  of  the  surface,  the  sur- 
face would  not  be  visible,  as  it  is,  from  whatever  point  it  may  be 
viewed. 

The  Jight  which  is  thus  reflected  from  the  vanous  points  upon  the 
surface  of  any  opaque  body,  has  the  colour  which  is  commonly  im- 
puted to  the  body.  The  conditions,  however,  which  determine  the 
colour  of  bodies  will  be  fully  explained  hereafter;  for  the  present,  it 
will  be  sufficient  to  establish  the  feet,  that  each  point  of  the  surface 
of  an  opaque  body  which  is  illuminated  is  an  independent  focus  from 
which  light  radiates,  having  the  colour  proper  to  such  point,  hy  which 
lisht  each  such  point  is  renaei^d  vMble. 
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918.  Irregular  refiection.  —  This  mode  of  reflection,  by  wtioli  the 
forms  and  qualities  of  all  esternal  objects  are  rendered  manifest  to 
sight,  hes  beea  generailj  denominated,  tiiough  not  as  it  should  seem 
irith  strict  propriety,  the  irregular  reflection  of  light. 

There  ia,  nevertheless,  nothing  irregular  in  the  character  of  tlie 
phenomena.  The  direction  of  the  reflected  raya  is  independent  of  each 
of  the  incident  rays ;  but,  nevertheleaa,  such  direction  obeys  the  com- 
mon law  of  radiation. 

The  existence  of  these  radiant  pencils  proceeding  from  the  surface 
of  any  illuminated  object,  and  their  independent  propagation  through 
the  surrouuding  space,  may  be  tendered  still  more  manifest  by  the  fol- 
lowing esperimsnt. 

Let  A  B,  j?g.  272.,  be  an  illuminated  object,  placed  before  the  win- 
dow-shutter of  'i  darkened  room  Let  c  be  a  smaU  hole  max^e  in  the 
window-shutter,  opposite  the  centre  of  the 
obiect  If  a  screen  be  held  parallel  to  the 
window-shutter,  and  the  object  at  some  dis- 
tance from  the  hole,  an  inverted  picture  of 
the  object  will  be  seen  upon  it,  in  which  the 
form  and  colour  of  the  object  ■will  be  pre- 
seived;  the  magnitude,  however,  of  auch 
picture  will  vary  according  to  the  distance 
of  the  screen  from  the  aperture.  The  lesa 
B  will  be  the  magnitude  of  the  picture. 
This  effect  is  easily  esplamed.  According  to  what  has  beea  al- 
ready stated,  each  point  of  the  surface  of  the  illuminated  object  ab 
is  a  focus  of  a  pencil  of  rays  of  light  having  the  colour  peculiar  to 
such  point.  Thus,  each  portion  of  the  pencil  of  rays  which  radiates 
from  the  point  b,  and  has  for  its  base  the  area  of  the  aperture  c,  will 
pass  through  the  aperture,  and  will  continue  its  rectiliuear  course  until 
it  arrives  at  the  point  h  upon  the  screen,  where  it  will  produce  an  illu- 
minated point  corresponding  Ju  colour  to  the  point  B, 

In  the  same  manner,  the  pencil  diverging  ffom  A,  and  passing 
through  the  aperture  c,  will  produce  an  illuminated  point  on  the  screen 
at  a,  corresponding  to  the  point  A. 

Each  intermediate  point  of  the  object  wiH  produce  a  oon'espondiag 
illuminated  point  on  the  screen.  It  is  evident,  therefore,  that  a  aeries 
of  illuminated  points  corresponding  in  arrangement  and  colour  to  those 
of  the  object  will  be  formed  upon  the  screen  between  a  and  6 ;  their 
position,  however,  being  inverted,  the  points  which  are  highest  in  the 
object  being  lowest  in  the  picture. 

919.  Picture  formed  on  wall  by  light  admilled  Ih-ough  small  aper- 
ture.— Theae  effects  may  be  witn^sed  in  an  interesting  manner  in 
any  room  which  is  exposed  to  a  public  thoroughfare  frequented  by 
moviug  objects.  Let  the  window-shutters  be  closed  and  the  intei- 
stJoes  stopped  so  ss  to  exclude  all  light  except  that  which  enters 
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througli  a  small  licli^  n  alt,  f  i  ihe  pmpo  c  nl  f  m  lni]p  Ij  fmi  1 
iu  tie  shutters  auffi  icntly  tmali  a  piPCP  ot  p  j  pi  or  c*i  1  may  1  e 
p:isted  over  any  convenieiit  aperture,  and  a  hole  of  tie  rpqnired  mas;- 
nitude  pierced  lu  it  Coloured  inTertel  images  of  all  the  olgecta 
passing  before  the  window  will  thus  be  depicted  on  a  ?cieen  conve 
nicntly  placed.  They  will  be  exhibited  on  the  oppo&ite  wall  of  the 
room;  hut  unless  the  wtU  bo  whitej  the  colours  will  Bot  be  distinctly 
perceptible.  The  smilLi  the  hole  admitting  the  light  is  the  more 
distinct  but  the  less  bnght  the  pictures  will  be  As  the  hole  is  ea 
lai'ged  the  brightne'3  increases,  but  the  distmetncB  dimimahes  The 
want  of  distinotneea  arises  from  the  spots  of  light  on  the  screen,  pro- 
duced by  each  point  of  the  object  oyerlaying  each  other,  so  as  to  prft- 
ducH  a  coufiised  effect. 

920.  Diferent  refieeling  powers  of  surfaces.  —  Surfaces  differ 
from  each  other  in  the  proportion  of  light  which  they  reflect  and 
absorb.  In  general,  the  lighter  the  colour,  other  things  being  the 
same,  the  more  light  will  be  reflected  and  the  less  absorbed,  and  the 
darker  the  colour  the  leas  will  be  reflected  and  the  more  absorbed ; 
but  even  the  most  intense  black  reflects  some  light.  A.  surface  of 
black  yelvet,  or  one  blackened  with  lamp-black,  are  among  the  dark- 
est brown,  yet  each  of  these  reflects  a  certain  quantity  of  rays.  Tha'^ 
thL,y  do  so  we  perceive  by  the  iaet  that  they  are  visible.  The  eye  re- 
f  uguizea  u(,h  suifaces  as  differing  from  a  dari  aperture  not  occupied 
bi  luj  matenai  suiface,  and  it  can  only  thus  recognize  the  appearance 
ot  the  material  surface  by  the  light  which  it  reflects.  The  following 
c^pt.rimcnt,  howevei,  will  render  this  more  evident. 

'121  T/ie  deepest  black  reflects  some  light. — Blacken  the  insidt 
of  a  tube,  and  fasten  upon  the  extremity  remote  from 
the  eye  a  plate  of  glass.  To  the  centre  of  this  plate 
,  of  „Kss  attach  a  circular  opafjue  disk,  somewhat  less 
\  in  diameter  than  tlie  tube,  bo  that  in  looking  through 
/  the  tube  a  transparent  ring  will  be  visible,  as  repre- 
senti^d  in  fig.  273.  la  the  centre  of  this  tr-ausparent 
img  will  appear  an  intensely  dark  circular  apace,  being 
Fig  373        that  occupied  by  the  disk  attached  to  the  glass. 

Now,  let  a  piece  of  black  velvet  be  held  opposite 
the  end  of  the  tube,  ao  as  to  be  visible  through  the  tranapareat  ring. 
If  the  velvet  reflected  no  light,  then  the  tranaparent  ring  would  be- 
come as  dark  as  the  diak  in  the  centre ;  but  that  will  not  be  the  case, 
'j'he  velvet  will  appear  by  contrast  with  the  disk,  not  black,  but  of  a 
greyish  colour,  proving  that  a  certain  portion  of"  light  is  reflected, 
which  in  this  case  is  rendered  pei-eeptible  by  the  removal  of  the 
blighter  objects  from  the  eye. 

922.  Irregular  rejleciion  necessary  to  vision. — Irregular  reflection, 
!is  it  hiLS  been  so  improperly  called,  is  one  of  the  properties  of  light 
which  is  most  essential  (e  die  efBeieaoy  of  vision. 
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Without  iiregular  refleotion,  light  must  he  eitiier  absorbed  by  tie 
Burfaeea  on  which  it  falls,  or  it  must  be  regularly  reflected.  If  the 
light  wliich  proceeds  from  lumiaous  objects,  natural  or  artificial,  were 
absorbed  by  the  surfiices  of  objecfa  not  lumiaous,  then  the  only 
visible  objects  in  the  uuiverEe  would  be  the  sua,  the  stars,  and  arti- 
ficial lights  such  as  flames. 

These  lumicaidea  would,  however,  render  nothing  visible  but  them- 
selves. 

If  the  light  radiating  froin  luminous  objects  were  only  reflected 
regularly  from  the  surface  of  uon-iuminons  objects,  these  latter 
would  still  be  invi3ible.  They  would  have  the  effect  of  so  many 
mirrors,  in  which  the  images  of  the  luminous  objects  only  could  ba 
seen.  Thus,  in  tiie  day-time,  the  image  of  the  sun  would  be  reflect- 
ed from  the  surfiice  of  all  objects  around  us,  as  if  they  were  com- 
posed of  lookiug-glaBs,  but  tbe  objects  themselves  would  be  invisible. 
The  moon  would  be  as  though  it  were  a  spherjoai  mirror,  in  wtich 
tie  image  of  the  snu  only  would  be  seen,  A  room  in  which  arti- 
ficial lights  were  placed  would  reflect  these  lights  from  the  walls  and 
otlier  objects  around  as  if  they  were  specula,  and  all  that  would  be 
visible  would  he  the  multiplied  reflecfiona  of  the  artificial  lights. 

Irregular  reflection,  then,  alone  renders  the  forms  and  qualities  of 
objoclB  visible.  It  is  not,  however,  merely  by  the  first  in-egular  re- 
flection of  light  proceeding  from  luminaries  by  which  this  is  effected. 
Objects  illuminatod  and  reflecting  irregularly  the  light  from  their 
auifacea,  become  themselves,  so  to  apeak,  secondary  luminaries,  by 
which  other  objects  not  witbin  the  direct  influence  of  any  luminary 
arc  enlightened,  and  these  in  their  turn  reflecting  light  irregularly 
from  their  surfaces,  illuminate  others,  which  again  perform  the  same 
part  to  another  aeries  of  objects.  Thus  light  is  reverberated  from 
object  to  object  through  an  infinite  series  of  reflections,  so  as  to  render 
innumerable  objects  visible  which  are  altogether  removed  from  tie 
direct  influence  of  any  natural  or  artificial  source  of  light. 

923.  Use  of  flie  atmosphere  in  diffusing  light. — The  globe  of  tie 
earth  is  surrounded  with  a  mass  of  atmospiere  extending  forty  or 
fifty  miles  above  tie  stn-tace. 

The  mass  of  air  which  thus  envelopes  the  hemisphere  of  the  earth 
presented  towards  the  sun,  is  strongly  illuminated  by  the  solar  light, 
and,  like  all  other  bodies,  reflects  iiTegularly  this  light.  Each  par- 
ticle of  air  thus  becomes  a  luminous  centre,  fi^m  which  light  radiates 
in  every  direction.  In  this  manner,  the  atmosphere  diffuses  in  all 
directions  the  light  of  the  sun  by  irregular  reflection.  Were  it  not 
for  this,  the  sun's  light  could  only  penetrate  those  spaces  "which  are 
directly  accessible  to  his  rays.  Thus,  the  sun  siiniug  upon  the  win- 
dow of  an  apartment  would  illuminate  just  so  much  of  that  apartment 
as  would  be  exposed  to  his  direct  rays,  the  remainder  remaining  in 
darkness.  But  we  find,  on  the  contrary,  that  although  that  part  of 
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the  room  upon,  wliicli  tlie  sun  directlj   In  u       L  II   ntl^    llu 

minated  thaa  the  surrouading  parts  ti  se  latt  i  eac  me  ertl  1  bS 
strongly  illuminated.  All  this  light  p  ocse  Is  f  om  the  r  egula  re 
flection  o£  the  masa  of  atmosphere  just  men  oned 

924.  Diffusion  of  solar  KglU  hy  all  opaq  e  objects  —  B  t  the 
Bolar  light  is  further  difEueed  hy  being  agaan  regnla  ly  i  fleeted  f  m 
the  surface  of  all  the  natural  objeote  pon  wh  oh  t  falls  The  1  ght 
thus  irregularly  reflected  from  the  air  Ml  ng  pon  all  natural  obj  cf 
is  again  reciprocally  reflected  ftom  one  to  aaothe  of  these  through  an 
indefinite  series  of  multiplied  refleotionB,  so  aa  to  produce  that  diffused 
and  general  illumination  which  is  neeeasary  for  the  purposes  of  vision. 
Light  and  shade  are  relative  terme,  signifying  only  different  degrees 
of  illumination.  There  is  no  shade  so  dark  mto  which  some  light 
does  not  penetrate. 

It  is  the  same  with  artificial  lights.  A  kmp  placed  in  a  room 
illuminates  directly  all  those  objects  accessiblo  to  ita  rays.  These 
objects  reflect  irregularly  the  light  incident  upon  them,  and  illiiminate 
thus  more  faintly  others  which  are  removed  from  the  direct  influence 
cf  the  lamp,  and  thus,  these  ngwn  reflecting  the  light,  illuminate  a 
third  series  still  more  faintly;  and  so  on. 

925.  Effect  of  the  irregular  mflection  of  lampshadeg.  —  "When 
it  is  desired  to  difiuse  uniformly  by  reflection  the  light  which  radiates 
from  a  Inminary,  the  object  is  often  more  efiectually  attained  by 
means  of  an  unpolished  opaque  reflector  thaa  by  a  polished  one. 
White  paper  or  card  answers  this  purpose  very  effectually.  Shades 
formed  into  conical  aurfeoes  placed  over  lamps  are  thus  found  to  dif- 
fuse by  reflection  the  light  in  particular  directions,  as  in  the  case  of 
billiard-tabJea  or  dinner-tables,  where  a  uniformly  diffused  light  is 
required.  A  polished  reflector,  ja  a  like  case,  is  found  to  diffuse  light 
much  more  unequally. 

In  case  of  whita  paper  or  card,  each  point  becomes  a  centre  of 
radiation,  and  a  general  and  uniform  illumination  is  the  consequence. 
The  light  obtained  by  reflection  in  such  cases  is  always  augmented  by 
rendering  the  reflector  perfectly  opaque ;  for  if  it  be  in  any  degreo 
transparent,  as  is  sometimes  the  c^e  with  paper  shades  put  over 
lamps,  tho  light  which  passes  through  them  is  necessarily  subtracted 
from  that  which  is  reflected. 


i'jlOM   EEUlTECTLy  POLISHED 

!)26.  RKgular  refiectioH.  —  By  what  has  been  just  explained,  it 
■ippcai'fl  that  light  reflected  from  rough  and  unpolished  surfaces  radi- 
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ates  from  all  tho  parts  compi^iig  ttem,  as  from  so  many  foci  of 
divergent  pendla.  If,  however,  the  Btufioe  we^t  absolutely  smooth 
(mil  perfaetty  poliBliBd,  then  totally  diffeient  phenomena  would  easue, 
wliioli  have  been  denominated  regular  rejleciion 

927.  Mirrors  and  specula. — Surfaces  whioh  po  ae-j  this  refiectm;^ 
power  in  the  highest  degree  are  called  mtitors  or  spec  da 

The  moat  perfect  specula  are  those  composed  ot  tne  metals,  tiie  best 
Iieing  produced  by  vaiioua  alloys  of  copper,  silver,  and  zino  If  a 
elaaa  plate  be  hlaokened  on  one  side,  tie  surfeoe  of  the  other  will 
form  for  certain  pui-poses  a  good  reflector 

928.  Law  of  regular  rejieclion.  — To  esi,ldm  the  law  uf  legular 
reflection,  let  o,^.  274.,  he  a  point  upon  a  itCiLting  TOiface  AB, 

upon  whioh  a  ray  of  lic^ht  d  c  m  incident 
Draw  the  line  o  e  peipendioulai  to  the  le- 
fleeting  surface  at  o ;  the  angle  formed  by 
thia  perpendicular  and  the  incident  ray  d 
c,  is  called  the  angle  of  incidence. 

From  the  point  c,  draw  a  line  c  d'  in  the 
plane  of  the  angle  of  incidence  B  c  E,  and 
c  B  forming  with  tlie  perpendicular  o  E  an  angle 

Fis  374  d'  0  E  equal  to  the  angle  of  jiicidenoe,  but 

lyiuff  on  the  other  side  of  the  perpendio- 
Thia  line  O  d'  will  be  the  direction  in  which  the  ray  will  be 
n  the  point  c.     The  angle  d'  0  K  is  called  the  ajtgle  of 
refection. 

The  plane  of  the  angles  of  incidence  and  reflection  which  passes 
through  the  two  rays  c  D  and  o  i)',  and  through  the  perpendicular  c  E, 
and  which  is  therefoixi  at  right  angles  to  the  reflecting  surface,  is 
called  the  plane  of  refection. 

This  law  of  regular  refleclioa  from  perfectly  polished  suriaces,  wiiich 
is  of  great  importance  in  the  theory  of  light  and  vision,  is  esprcsaed 
as  follows : — 

When  light  is  refected  from  a  perfectly  polished  surface,  the  an- 
gle'of  incidence  is  equal  to  the  angle  of  reflection,  in  the  sajne  plane 
with  it,  and  on  the  opposite  side  of  the  perpendicular  to  the  refecting 
surface. 

From  thia  law  it  follows,  that  if  a  ray  of  light  fall  perpendicularly 
on  a  reflecting  surlaoe,  it  will  be  reflected  bask  perpendicularly,  and 
will  return  upon  its  path ;  for  in  this  ca^,  the  angle  of  incidence  and 
the  angle  of  reflection  being  both  nothing,  the  reflected  and  incident 
rays  must  hoth  coincide  with  the  perpendicular.  If  the  point  C  ba 
upon  a  concave  or  convex  surface,  the  same  conditions  will  prevail; 
the  line  CB  whioh  is  perpendicular  to  the  surfetce,  being  then  what  is 
called  in  geometry,  the  normal. 

029.  Experimental  verification  of  this  lata.  —  This  law  of  refleo- 
tJon  may  be  esperimentallv  verified  as  follows : — 
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its  centre  b,  and  let  the  gi-aduated  a 


graduated  arc  at  any  point,  s\ 


_  'irluiteJ  =eiiinircle,  placed  with  ita 
i  plumb  line  b  d  he  suspended  from 
'  e  so  adjusted  that  the  plunih- 
line  shall  intersect  it  at  the 
zero  point  of  the  division, 
the  divisions  heing  namhered 
fioia  that  point  in  each  di- 
rection towaid>«  c  and  c'.  Let 
a  small  reflector  (a  piece  of 
looking  glass  will  answer  the 
purpo&e)  be  placed  upon  the 
honzoutal  diameter  at  the 
centie  with  its  reflecfJng  sur- 
face downwards,  and  let  any 
convenient  and  well-defined 
object  be  placed  tipon  the 
,  between  d  and  c.  Now,  if 
the  point  a'  be  taken  upon  the  arc  <i  c'  at  a  dista.nce  from  d  equal  to 
d  a,  the  eye  placed  at  a'  and  directed  to  h  will  perceive  the  object  a 
as  if  it  were  placed  in  the  direction  a'  h.  It  follows,  therefore,  that 
the  light  issuing  from  the  point  of  the  object  a  in  the  direction  a  b, 
is  relected  to  l£e  eye  in  the  direction  b  a'.  In  this  ease,  the  angle 
a  i  (I  is  the  angle  of  incidence,  and  the  angle  dha'  is  the  angle  of 
reflection ;  and,  whatever  position  may  be  given  to  the  object  a,  it  will 
be  foimd  that  in  order  to  see  it  in  the  reflector  5,  the  eye  mnst  he 
placed  upon  the  arc  ti  c'  at  a  distance  irom  d  equal  to  the  distance  at 
which  the  object  is  placed  from  d  upon  the  arc  d  e. 

The  same  principle  may  also  be  experimentally  illustrated  as  fol- 
lows ; — 

If  a  ray  of  sun-light  admitted  into  a  dark  room  through  a  small 
hole  in  a  window-shutter  strike  upon  the  siirface  of  a  mirror,  it  will 
be  reflected  from  it,  and  both  the  incident  and  reflected  rays  will  be 
rendered  visible  by  the  particles  of  dust  floating  in  the  room.  By 
compai'ing  the  direction  of  these  two  viable  rays  with  the  direetion 
of  the  plane  of  the  mirror  and  the  position  of  the  point  of  incidence, 
it  will  be  found  that  the  law  of  reflection  which  has  been  announced 
is  verified. 

930.  Plane  refleclors — parallel  rai/s. — If  parallel  rays  be  inci- 
dent upon  a  polished  plane  reflecting  surface,  they  will  be  reflected 
parallel;  for  since  they  are  parallel,  they  will  make  equal  angles  with 
the  perpendiculars  to  the  surface  at  their  points  of  incidence,  and  the 
planes  of  these  angles  will  also  be  parallel. 

The  reflected  rays  will,  therefore,  also  make  equal  angles  with  the 
perpondiculais,  and  the  planes  of  reflection  will  be  parallel;  conse- 
quently the  reflected  rays  wiU  be  parallel. 

This  may  ako  be  experimentally  verified  by  admitting  rays  of  solar 
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light  into  a  dark  room  tlirougli  two  small  apertntes.  Sucli  taya  will 
always  be  parallel ;  and  if  tliej  ave  reoeived  upon  a  plaue  mirror,  tlieir 
refleotioBS  will  te  found  to  be  parallel,  tlie  rays  and  the  leflectioaa 
being  rendered  visible,  ss  already  esplained. 

931.  Divergent  rays. — If  a  pencil  of  divergent  rays  fall  upon  a 
plane  mirror,  the  reflected  rays  will  also  be  divergent,  aad  their  focua 
will  he  a  point  behind  the  mirror  similarly  plac^,  and  at  the  same 
distance  as  the  focus  of  inoideat  rays  is  before  it. 

To  demonsti'ate  this,  let  A'B,Jig.  276.,  be  the  reflecting  sur&oe. 
Let  F  be  the  focus  of  the  incident  pencil  fix)m  which  the  rays  pa, 
I'  B,  !■  C,  &c.  diverge,  and  let  f  A  he  perpendicular  to  the  reflecting, 
sw-face  A  B.     If  we  take  A  p'  on  the 
continuation  of  r  A  equal  to  a  r,  and 
dvaw  the  lines  s'  B  b'  and  s'  o  o',  then 
it  can  eaialy  be  perceived  that  the 
lines  B  b'  and  C  c'  make  angles  with 
the  reflecting  surface,  and  therefore 
r  with  the  perpendicular  to  it,  equal  to 
fie  angles  which  the  incident  raya 
p  B  and  so  make  with  it  respeot- 
ively ;  for  since  A  F  is  equal  to  a  e', 
J,-.     2-iQ  ^  B  will  be  equal  to  f'  b,  and  p  o 

will  be  equal  to  F'  0 ;  consequently 
the  angles  B  F  A  ind  E  f'  A  will  he  equal,  as  will  also  the  angles  0  P  A 
and  1/  F  A  But  the  angles  B  F  a  and  c  F  A  ase  the  angles  of  inoi- 
den(,e  of  the  two  lays  e  b  and  f  c  ;  and  since  the  angles  B  p'  a  and 
C  P  A  aie  respectively  equal  to  them,  and  lie  on  opposite  aides  of  the 
perpendiculai,  they  will  be  the  angles  of  reflection;  consequently,  the 
ray  p  B  will  be  reflected  in  the  direction  e  b',  and  the  ray  p  C  in  the 
diieetion  oc  These  two  rays,  therefore,  will  he  reflected  from  the 
points  B  and  C  as  if  they  had  originally  radiated  from  f'  as  a  focus ; 
and  in  the  same  way  it  may  be  shown  Uiat  the  other  rays  of  a  pencil 
diverging  from  f  will  he  reflected  from  the  mirror  as  if  they  had 
diverged  from  p'.  But  p'  is  the  point  on  the  other  side  of  the  mirror 
which  ia  placed  similai'ly  and  at  the  same  distance  irom  the  mirror  aa 
the  point  p  is  in  front  of  it. 

932.  Image  of  an  ohject  formed  hy  a  plane  reflector.  —  It  follows 
from  what  has  been  ji^t  explained,  that  an  object  placed  before  a 
plane  reflector  will  have  an  image  at  the  same  distance  behind  the  re- 
flector as  the  object  is  before  it,  for  the  rays  which  diverge  from  each 
point  of  the  object  will  after  reflection,  according  to  what  has  been 
shown,  diverge  from  ^  point  holding  a  corresponding  position  behind 
the  reflector,  and  if  received  after  reflection  by  the  eye  of  an  observer 
will  produce  the  same  efi'ect  as  if  they  had  actually  diverged  from 
such  point.  All  the  raya,  therefore,  proceeding  from  the  object,  will 
after  reflection  follow  those  directions  which  they  would  follow  had 
■  42  *  497 
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they  prooeeded  from  a  series  of  points,  oq  the  snrfoce  of  a  similar 
object  placed  behind  the  reflector  at  the  same  distance  as  the  object 
itself  is  before  it,  and  oonsequentlj  thej  will  produce  the  same  effect 
on  the  organs  of  vision  as  would  be  produced  by  a  dmikr  object 
placed  as  far  bebind  the  mirror  as  the  object  itself  is  before  it. 

Tlie  position  of  the  difterent  parts  of  the  image  formed  in  a  plane 
reflector  will  be  exactly  determined  by  supposing  perpendiculars  di'awn 
from  every  point  on  the  object  fo  the  reflector,  and  these  perpendicu- 
lars to  be  continued  beyond  the  reflectol  to  distances  equal  to  those 
of  the  points  from  which  they  are  drawn  before  it.  The  extremities 
of  the  pei-pendieulars  so  continued  will  then  determine  the  corre- 
sponding points  of  the  image. 

It  follows  from  this,  that  the  images  of  objects  in  a  plane  reflector 
appear  erect,  that  is  to  say,  the  top  of  the  image  corresponds  with  the 
top  of  the  object,  and  the  bottom  of  the  image  with  the  bottom  of 
the  object.  Bat  conddered  laterally  with  regard  to  the  object  itself, 
fiey  will  be  inverted,  that  is  to  say,  the  left  will  become  the  right, 
aud  the  right  the  left.  This  will  be  easily  understood  by  considering 
that  if  a  person  stand  with  his  fiice  to  a  plane  reflector,  in  a  vertical 
poMtion,  his  image  will  bo  presented  with  the  face  towards  him,  and 
the  image  of  his  right  hand  will  be  on  lie  right  side  of  his  image  as 
he  views  it,  but  will  be  on  the  left  side  of  the  image  itself,  and  the 
sarao  will  apply  to  every  other  part  of  the  image  in.  reference  to  the 
object.     There  is,  fiierefore,  lateral  irwersion. 

This  eff^t  is  rendered  strikingly  manifest  by  holding  before  a  re- 
flector a  printed  book.     On  the  image  of  the  book  all  the  letters  will 


It  follows  also,  from  what  has  been  explained,  that  if  an  object  be 
not  parallel  to  a  reflector,  but  forms  an  angle  with  it,  the  image  will 
foi-m  a  like  angle  with  it,  and  wiU  form  double  tlmt  angle  with  the 
direction  of  the  object. 

Let  A  1i,f§-  277.,  be  a  plane  reflector,  before  which  an  object  c  D 
is  placed.  From  o  draw  the  perpendic- 
ular CO,  and  continue  it  from  0  to  c',  so 
,  that  0  o'  shall  be  equal  to  0  C.  In  like 
manner,  draw  the  perpendicular  d  p,  and 
continue  it  so  that  p  d'  shall,  be  equal  to 
p  D.  Then  the  image  of  C  wiU  be  at  c', 
and  the  image  of  n  at  d',  and  the  image 
of  all  the  intervening  points  between  c  and 
D  will  be  at  points  intermediate  between 
c'  and  d',  so  that  c'  d'  shall  be  inclined 
p.    n-_  to  the  reflector  at  the  same  angle  as  o  n 

is  inclined  to  it,  and  the  object  and  the 
image  will  he  inclined  to  each  other  at  twice  the  angle  at  which  either 
ii  inclined  to  the  reflector,  f--  \ 


" 
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Hence,  if  au  oljjoot  in  a  horizontal  position  be  reflected  by  a  re- 
flector forming  an  angle  of  45°  with  the  horizon,  its  image  will  he  in 
;i  vertical  position ;  and  if  tlie  object  being  in  a  vertical  position  he 
lefiected  by  such  a  mirror,  its  image  will  he  in  a  boi'izontal  position. 

If  a  reflector  be  placed  at  an  angle  of  45°  witb  a  wall,  the  image 
of  tlie  wall  will  be  at  right  angles  with  the  wall  itself. 

If  a  reflcotOT  he  horiaontal,  tie  image  of  any  vertical  object  seen  in 
it  will  he  invei-ted.  Examples  of  this  are  rendered  familiar  by  the 
effect  of  the  oalm  surface  of  water.  The  country  on  the  bank  of  a, 
calm  river  or  lake  is  seen  inverted  on  its  surface, 

933.  Series  of  images  fornted  by  lv>o  plam  rejieciors.  —  If  an 
object  be  placed  between  two  parallel  plane  reflectors,  a  series  of 
images  will  be  produced  lying  on  the  straight  line  drawn  through  the 
object  pei'pendicular  to  the  ^fleetor.  This  effect  is  seen  in  roonj^ 
where  mirrors  are  placed  on  opposite  and  paraUel  walls,  with  a  lustre 
or  other  object  snspended  between  them.  An  interminable  range  of 
Inatres  is  seen  in  each  mirror,  which  lose  themselves  in  the  distance 
and  by  reason  of  their  faintness.  This  increased  faintness  by  multi- 
plied reflection  arises  from  the  loss  of  light  caused  in  each  auccessivo 
reflection,  and  also  from  the  increased  apparent  distance  of  the  image. 
Let  A  B  and  c  i>,^g.  278.,  bo  two  parallel  reflectors;  let  o  be  aa 


Fig,  373. 

obiect  placed  midway  between  them.  An  image  of  o  will  be  foriiied 
at  0  a  t  behind  c  d  as  o  is  before  it,  and  another  image  will  be 
f  n  d  at  '  as  fai'  behind  A  b  as  O  is  before  it.  The  image  o'  be- 
coro  n  object  to  the  mirror  a  b  will  form  in  it  another  image  o" 

a.  f  b  b  nd  A  B  as  o'  is  before  it,  and  in  like  manner  the  image  o' 
b  m  ng  an  object  to  the  mirror  0  D  will  form  an  image  o"  as  far 
behi  d  Daao' is  before  it.  The  images  o"  and  o"  will  again  become 
bi  ta  to  the  mirrors  A  B  and  o  D  resj)Bcliyely ;  and  two  other  images 
w  11  b  f  rmed  at  equal  distance  beyond  these  latter.  In  the  same 
w  y  w  hill  have,  by  each  pair  of  im^es  becoming  objects  to  the 
I  t  mirrors,  an  indefiniie  series  of  equidistant  images. 
The  distance  between  each  suocesMve  pair  of  images  will  be  equal 
to  the  distance  of  the  object  o  from  either  of  the  images  o'  or  o',  and 
consequently  to  the  distance  between  the  mirrors, 

934.  Images  repeated  hy  inclined  reflectors.  —  A  variety  of  in- 
teresting optical  phenomena  are  produced  by  the  multiplied  reflection 
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of  plaDe  mirrors  inclined  to  each  oth  t  diff  t  I  A  11 
these  phenomena  m&j  be  explained  p  th  m  j  j  1  t  11 
isuffiee  here  to  give  a  single  esample. 

Let  A  B,  A  C,  Jig.  279.,  be  two  r  fl    t        in  li    d  to        b    th 
at  a  right  angle,  and  let  o  be  an  olject  pi     d    t      p     t  b  tw 
tbem,  equally  dtatfim       li      Fm 
draw  OMadNpeidlt  d 

A  B,  and  pi  d  H  t  th  t  w  U 

be  equal  toMo;  and  produce  o  n  to  o",  so 
that  N  o"  shall  be  equsJ  to  N  o.  Two  images 
of  the  point  o  will  be  formed  at  o'  and  o". 
The  image  o'  beeomicg  an  object  to  the 
mirror  A  B  will  have  an  image  at  o'"  just  as 
far  bebind  A  B  as  o'  is  before  it ;  and,  in  like 
Fig.  279.  manner,  the  image  o"  becoming  an  object  to 

tbe  reflector  A  0  will  have  an  image  just  as 
far  behind  A  C  as  o"  is  before  it ;  but,  in  the  preaant  case,  this  latter 
image  of  o"  in  the  reflector  A  c  will  coincide  with  the  image  of  o'  in 
the  reflector  A  B,  and  will  appear  at  o'".  Thus,  the  mirrors  will  pre- 
sent three  images  of  the  object  O,  ■which  are  placed  at  the  angles  of  a 
square,  of  which  the  point  A  is  the  centre. 

In  the  same  manner,  if  the  reflectors  A  B  and  A  c  be  placed  at  an 
angle  which  is  the  ei"hth  part  of  360°  there  will  be  formed  seven 
images  of  the  po  t  Tib  h  with  tb  p  t  will  •«■  pi  1  t  th 
eight  angles  of  a  g  1  oct  g  n  f  wh  h  b  p  a  wb  th 
mirrors  meet,  will  b    th  t  d  hk      es  Its  w  11  Da  f      d  by 

giving  the  mirrors    th  1     t 

935.  Thekaletd  p— Th  ptlfftsftbkald^p 
depend  upon  fjiia  p  n  pi  Tw  pi  t  f  1  k  g  gl 
fixed  in  a  tube  formmg  an  an^Ie  of  45  ,  oi  some  otbei  ahqnot  p.it  of 
360",  with  each  other ;  semi-transparent  objects  of  various  colours  are 
loosely  thrown  between  them,  and  shut  in  by  means  of  plates  of  glass 
at  the  endS)  one  of  which  is  ground,  so  as  to  be  semi-transparent. 
The  images  of  the  coloured  fragments  between  the  mirrors  are  multi- 
plied so  as  to  form  a  polygon  aa  just  described,  and  thus  a  regularity 
is  given  to  their  arrangement,  however  irregular  their  disposition  may 
be  between  the  mirrore.  The  effect  of  this  instrument  may  be  vaiied 
by  a  provision  for  vio'ying  the  inclination  of  the  mirrors. 

936.  Optical  toy  by  multiplied,  reflection.  —  An  amusing  optical 
toy  is  represented  in  ^.  280.,  by  means  of  which  objects  may  be 
seen,  notwithstanding  the  intei'position  of  any  opaque  screen  between 
theni  and  the  eye.  The,  rays  precceding  from  the  object  p  entering 
the  tube  d  strike  on  the  mirror  I  placed  at  an  angle  irf  45",  and  are 
lofleoted  downwards  vertically  to  the  mirror  S,  also  placed  at  45°, 
from  which  they  are  reflected  horiaontally  t<s  the  mirror  g  placed  at 
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placed  at  45°,  fi-om  which  they  ai 
The  eys  thus  sees  the  object  after  four  r 
render  itYJsible  having  travelled  round  the  rectangular  tahtJhgka. 
937.  Formation,  of  images  by  reflecting  surfaces  in  general.  —  In 
order  that  a  i-eflector  should  produce  a  distinct  image  of  an  ohjeot 
placed  before  it,  it  is  necessary  that  the  rajs  diverging  from  each 
point. of  the  object  should,  after  reflection,  diverge  from,  or  converge 

Thus,  the  surface  of  the  object  may  be  considered  as  an  assemblage 
of  foci  of  an  infinite  number  of  pencils  of  incident  rays.  Each  of 
these  pencib  will,  by  reflection,  be  converted  into  other  pencib  Lav- 
ing other  foei,  the  assemblage  of  which  will  determine  the  form  and 
magnitude  of  the  image  of  the  object  produced  by  the  reflector.  In 
the  case  of  a  plane  reflector,  it  has  been  shown  .that  the  assemblage 
of  these  foM  corresponds  in  form  and  magnitude  to  the  object,  and 
therefore,  in  this  case,  the  imOge  is  equal,  and  in  aU  respects  similar 
to  the  object;  but  this  does  not  always  happen. 

938.  Magnified,  diminished,  or  distorted  images.  —  The  pencils 
of  JQcident  rays  may  be  converted  by  refleetdoh  into  pencils  of 
reflected  rays  having  different  foci,  bnt  the  assemblage  of  these  foei 
may  not  correspond  with  the  points  forming  the  surface  of  the  object. 
They  may  be  similar  to  it  in  form,  but  greater  in  magnitude,  in  which 
case  the  reflector  is  said  to  magnify  the  object  j  or  tSey  may  be  simi- 
lar to  it  in  form  and  less  in  magnitude,  in  whioh  case  the  reflector  is 
said  to  diminish  the  object.  In  flue,  they  may  assume  such  a  form 
as  to  present  the  object  in  altered  proportions.  Thus,  while  the  pro- 
portion of  the  vertical  dimensions  is  preserved,  that  of  the  horizontal 
dimensions  may  be  increased  or  diminished,  or  vice  versd  ;  or  either 
of  these  dimensions  may  be  generally  increased  at  various  points  of 
llio  image.     In  such  ca^e,  the  reflector  is  said  to  present  a  distorted 

939.  Ca.tes  in  wUcJi  ws  image  is  formed.  —  Since  to  produce  a 
distinct  image  of  any  point  in  an  object,  it  is  neeessaiy  that  the  rays 
diverging  from  that  point  should  be  reflected,  so  as  to  diverge  from 
some  other  point,  if  aiter  reflection  they  have  no  common  point  of  iu- 
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w  llbe  to  prodace  upon  tte 
ui    f  th    object,  without  any 

Jl    t  d     y    shall  liaee  a  com- 
it     p  1  h  ]  surface  shonld  re- 
D     t         ncident  upon  it  ex- 
y  th  t  the  surface  should 


terseefion,  the  point  of  the  object  from  wHch  they  origmally  diYerged 
can  have  no  distinct  ima^e. 

In  tliis  case  the  effect  of  the  r  8 
visiou  a  confused  impression  of  th 
distinct  form. 

940.    Conditions  under  which  t! 
■mon  focus.  —  In  oider,  therefor 
fleet  the  raya  which  diverging  fr  m 
actly  to  or  from  another  point,  it  &. 

be  rf  such  a  nature  that  lines  drawn  from  the  two  points  ii 
to  any  one  point  on  the  surface  shall  make  equal  angles  with  the  sur- 
face. No  surface  possesses  this  property  except  one  whose  seotiou 
made  by  a  plane  passing  throngh  the  two  points  is  an  ellipse,  the  two 
points  being  its  foci.  It  follows,  therefore,  that  if.  a  pencil  of  light 
have  its  focus  at  one  of  the  foci  of  an  ellipse,  the  rays  which  diverging 
fvom  such  focus  strike  upon  the  ellipse,  or  upon  any  surface  with 
which  the  ellipse  woald  coincide,  will  he  reflected  to  the  other  focus. 
9-il.  Elliptic  rcfieclor. — To  render  this  more  clear,  let  A  0  B  n, 
P  jig.  281.,  be  an  ellipse  whose 

"  foci  are  P  and  e'.     Then,  ac- 

cording to  what  has  been  ex- 
plained, if  two  lines  be  drawn 
from  p  and  b'  to  any  one  point, 
such  as  P,  in  the  ellipse,  they 
wil!  make  equal  angles  with 
'  the  ellipse ;  and,  consequently, 
if  p  p  be  a  ray  of  light  form- 
l  part  I  of  a  pencil  of  rays 
whose  focus  is  f,  it  will  be  i-e- 
fleoted  along  the  line  pp'  to 
the  other  focus. 

Now  if  we  suppose  a  re- 
fleoting  snriaoe  so  formed  that 
illipse  by  turning  round  the  line  A  B  as  an  axis  will  everywhere 
ooineide  with  it,  this  surface  is  oalled  an  ellipsoid;  and  if  it  were  a 
polished  and  reflecting  suriaoe,  it  would  he  called  an  elliptic  refiector. 
It  is  evident  that  it  is  not  necessary  that  such  a  suriace  shoiold 
fonn  a  complete  eUipsoid.  Any  portion  of  it  upon  which  a  pencil  of 
wys  passing  from  one  of  the  foci  would  faU,  would  reflect  such  pencil 
so  as  to  make  it  converge  to  the  other  focus.  In  this  ease  the  pencil 
proceeding  from  the  focus  in  which  the  luminous  point  is  placed, 
would  be  a  diverging  pencil,  and  that  which  is  reflected  to  the  other 
focus  would  be  a  converging  pencil. 

942.  Parabolic  reflectors.  —  It  has  been  shown  (807.)  that  a  para- 
bola has  a  property  in  virtue  of  which  a  line  drawn  from  any  point 
in  it,  auoh  as  P,^-  282.,  to  a  point  f  called  its  focus,  and  another, 
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p  M,  parLillel  to  ita  axis,  make  equal  angles  with  tlio  curve.  It  fol- 
lows from  this,  that  if  tha  parabola  possessed  the  power  of  reileotittg 
light,  rays  tiivergiag  from  ita  focus  T  would  be  reflectecl  parallel  to  its 
axis  V  M ;  and,  on  the  other  hand,  if 
raya  directed  along  lines  parallel  to 
its  axis  were  incident  on  the  pava- 
hola,  they  would  be  reflected  in  the 
'^  form  of  a  pencil  converging  to  its 

If  we  suppose  the  parahola  to  re- 
j,  volve  round  't    <ix'    v  M  a       f 
with  which  it  w  nld        ywh.  n 

cide  as  it  rev  1  11  d      j 

M  boloid ;  aad    f       h  f      w 

polished  so  aa  t  ft  t  1  ght  g 
larly,  it  wool  1  f  m  p  rab  1 
flector.  It  f  li  w  th  f  th  t  if 
a  luminous  point  be  placed  in  the 
foous  of  such  a  reflector,  its  raya  af- 
ter reflection  will  be  pat-allel  to  the 
axis  J  and,  on  the  other  hand,  if  raya 
strike  upon  the  reflector  in  directions 
parallel  to  its  asia,  they  will  be  re- 
flected to  its  focus, 

943.  Experiritenlal  verification  of 

an  elliptic  refiector. — These  remark- 

' "  i  properties  of  elliptic  and 
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paraholio  reflectors  may  be  e. 
ily  verified  by  experiment.  Let 
ABC,  Jig.  233.,  be  the  section 
of  aa  elliptic  reflector  made  by 
a  plane  passing  through  its 
focus  r,  the  other  focus  being  at 
y.  Let  a  luminous  point,  such 
as  a  small  flame,  or  still  better 
the  light  produced  by  two  char- 
coal points  when  a  galvanic  cur- 
rent passes  through  them,  be 
placed  at  the  focus  P. 
Let  sti'aight  lines  be  imagined  to  be  drawn  from  /  through  the 
exti-emities  of  a  circular  screen  e,  meeting  the  reflector  at  r  and  r, 
and  from  the  luminous  point  F  draw  the  lines  f  a  and  e  r.  It  is 
clear  from  what  has  been  stated  that  a  ray  of  light  passing  from  F  to 
K  will  bo  reflected  from  k  to  /;  and  one  paadng  from  p  to  r  will  be 
reflected  from  r  to  f",  both  grazing  the  edge  of  the  screen  s;  and  the 
same  will  be  ti'ue  for  all  rays  passing  from  P  which  are  incident  upon 
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lirclG  traced  on  the  reflookir  who 
andr. 


diameter  would  be  a  lino  joining 
incident  between  the  poiate  k  and 


■a  proceeding  fvot 
r,  will  after  refleetion  strike  upon  the  screen  a,  and  will  tl 
vented  from  proceeding  towards  the  point  f'. 

From  the  point  i'  draw  the  lines  f  r'  and  f  r'  passing  the  extremi- 
ties of  the  screen  8,  It  is  clear  that  the  raya  passing  from  ¥  helween 
the  lines  e  r'  and  F  r'  will  be  intercepted  by  tlie  screen. 

Thus  it  follows  that  all  tie  rajs  which  strike  opon  the  reflector, 
and  wMoh  are  not  intercepted  by  the  screen  e,  are  iccliided  on  the  one 
side  by  the  lines  FEandrE',  and  on  the  other  by  the  linear  rand  Pf'. 

Now,  according  to  what  has  been  explaiaed,  all  the  rays  incident 
upon  the  surface  of  the  reflector  would,  after  reflection,  converge  to 
the  point  f',  as  represented  io  the  figure.  To  verify  this  fact,  let  a 
white  screen  m  n  be  placed  between  f'  and. 8,  at  right  angles  f^  the 
line  F'  s.  The  reflected  light  will  appear  upon  this  screen  when  held 
near  to  s,  us  an  illuminated  disk  with  a  smsill  circular  dark  spot  in  its 
centre,  tliis  dark  spot  corresponding  to  tlic  space  from  which  the  light 
both  direct  and  reflected  is  excluded  by  the  small  screen  S.  If  the 
screen  M  N  be  now  gradually  moved  towards  s',  being  kept  perpen- 
dicular to  the  line  s  f',  the '  illuminated  disk  will  gradually  diminish 
in  diameter,  as  will  also  the  dark  circular  spot  in  its  centre,  and  this 
diminution  will  continue  until  the  screen  arrives  at  the  point. »',  when 


I  light  s 


t,  and  the 

screen  M  « 
a  it  within 
g  through 
'  !  shown 


the  illuminated  disk  will  be  reduced  ti 
dart  spot  in  its  centre  will  disappear. 

This  experiment  may  be  further  varied  by  placing 
as  near  the  reflector  as  piKsible,  and  piercing  several  hi; 
the  area  of  the  illuminated  disk.  The  rays  of  light  p 
these  holes  will  severally  convei-gs  to  tho  point  s',  as  may  b 
by  holding  another  screen  beyond  M  N,  by  means  of  which  the  o 
of  the  rays  may  be  traced,  since  their  light  will  produce  light  spots 
upon  this  screen.  As  it  is  moved  towards  r',  these  light  spots  w'ill 
gradually  approach  each  other,  and  when  it  arrives  at  s'  they  will 
coalesce  and  form  a  single  spot. 

944.  Case  of  aparahoUc  re~ 
fiectoT.  —  The  reflecting  proper- 

ty  of  a  parabolic  reflector  may 

^^s       be  experimentally  exhibited  by 

■       a  like  ezpedieot.     Let  A  b  c, 

jSg.  284.,  represent  a  section  of 

■    the  reflector,  the  focus  being  r. 


s,  as  before,  be  placed  perpen- 
dicular to  the  asis,  and  near  the 
point  P.  It  may  be  shown,  as 
in  the  case  of  the  elliptic  re- 
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flector,  that  tlie  rajs  F  r'  and  E  /,  wliich  gra^e  the  screen,  will  be  re- 
flected in  the  direction  a'  y'  anil  t'  y',  parallel  to  tke  axis  B  x;  and, 
in  like  manner,  that  the  rays  f  b  and  r  r,  which,  after  reflection, 
graze  the  screen,  will  also  be  reflected  in  the  direction  e  y  and  r  y 
parallel  to  the  axis. 

Hence  it  follows  that  the  reflected  light  will  be  excluded  from  a 
cylindrical  space,  of  which  the  screen  s  is  the  circular  base,  and  whose 
axis  coincides  with  the  azia  B  X  of  the  reflector. 

It  also  appears  that  no  light  diYOr^ng  from  the  focus  r  will  strike 
the  reflector  beyond  the  points  b'  and  r'.  The  light  reflected  will 
therefore  be  included  between  two  cylindrical  surfaces,  having  the 
axis  of  the  parabola  as  their  common  axis,  the  sides  of  the  exterior 
ojlinder  being  a'  y'  and  r'  y',  and  those  of  the  interior  cylinder  being 
a  Y  and  r  y. 

It  is  easy  to  verify  these  phenomena.  Let  a  white  screen  M  N  be 
held  as  before  at  right  angles  to  the  axis  B  x,  an  illuminated  disk  will 
appear  upon  it,  whose  diameter  will  be  equal  to  the  line  s.'  r',  having 
a  small  dark  spot  in  the  centre,  equal  in  magnitude  to  the  screen  s. 
If  the  screen  m  n  be  moved  towards  or  from  the  screen  s,  this  illu- 
minated disk  will  continue  of  the  same  magnitude,  having  a  dark 
spot  in  the  centre  constantly  of  the  same  magnitude  also.  Thus  it 
appears  that  the  reflected  rays  must  follow  the  course  ab'eady  de- 
scribed. 

The  eiperiment  may  be  further  varied,  as  in  the  case  of  tlie  ellipse, 
by  piercing  several  holes  in  the  screen  M  N,  through  which  distinct 
rays  shall  pass.  These  rays  being  received  upon  another  screen  be- 
hind M  N,  will  produce  upon  it  luminous  spots,  and  if  then  either 
screen  be  moved  towards  or  from  M  N,  these  spots  will  maintain  al- 
ways the  same  relative  position. 

If,  in  the  case  of  the  elliptic  reflector,  the  luminous  point  be  placed 
at  s'fjig-  283,  instead,  of  ¥,  then  the  effects  will  taie  place  in  an 
inverse  order,  the  incident  rays  being  in  this  case  what  the  reflected 
rays  were  in  the  former,  and  vice  versA ;  and  the  phenomena  may  be 
verified  by  a  like  expedient.  If  a  small  ciroular  screen  be  held  be- 
tween S  and  b  at  right  angles  to  the  axis,  it  will  be  found  that  the 
rays  reflected  from  the  elliptic  surface  will  be  inclosed  between  two 
conical  surfaces,  one  of  which  is  bounded  by  f  r'  and  i"  r',  and  the 
other  by  F  a  and  s  r.  The  light  will  be  excluded  from  the  cone 
whose  base  is  the  screen  s,  and  whose  vertex  ia  at  P  j  and  also  from 
the  cone  whcae  base  is  a  r,  and  whose  vertex  is  also  at  !■. 

In  the  same  manner,  all  the  efiects  will  be  inverted  if  a. cylinder 
of  rays  parallel  to  the  axis  be  directed  upon  a  parabolic  reflector.  In 
this  case,  the  reflected  rays  will  be  included  between  the  conical  sur- 
face bounded  by  the  lines  F  a'  and  r  r',Jig.  284.,  and  the  conical  sur- 
face bounded  by  the  lines  r  e  and  p  r. 

This  may  be  in  like  manner  experimentally  verified  by  means  of 
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945.  Parabolic  reflectors  useful  as  iurning  reflectors.  — In  conse- 
quecee  of  this  property,  pai-abolir,  reflectors  are  well  adapted  for  col- 
leoticg  the  raja  of  the  swn  or  moon  into  a  fooua.  Owing  to  the 
euoi'mous  distance  of  tliose  ohjecta,  compared  with  any  magnitudes 
whioh  can  be  subject  to  esperiment,  ail  pencils  proceeding  from  them 
may  be  considered  as  parallel. 

If,  then,  a  parabolic  reflector  he  placed  eo  that  its  asis  shall  be 
directed  towajiis  tlie  ean,  tbe  rays  of  the  sun  reflected  by  it  will  be 
collected  in  its  focus ;  and  as  their  heating  power  will  then  be  propor- 
tionally augmented,  the  apparatus  may  be  used  as  a  burning  reflector. 

946.  Experiment  unfit  twoparaboUc  reflectors.  —  K  two  parabolio 
roflectors  be  placed  at  any  distance  asunder,  their  axes  coinciding,  the 
rays  proceeding  from  a  luminous  point  placed  in  the  focus  of  one  will, 
after  two  reflections,  be  collected  into  the  focus  of  the  other. 

Thus,  if  A  B  and  a'  b',  jig.  585.,  be  the  two  parabolic  reflectors,  the 
light  pi-oeeeding  from  a  luminous  point  at  e  will  be  reflected  by  the 
surface  A  B  in  lines  parallel  to  v  v',  and  striking  upon  the  reflector 
a'  b'  will  converge  to  the  focus  f'  . 

This  is  precisely  similar  to,  and  explicable  on  the  same  principles 
as  the  phenomena  of  echo  esplained  in  879. ;  all  that  has  been  ex- 
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plained  above  in  reference  to  elliptic  reflectors  is  also  analogous  to  the 
phenomena  of  echo  explained  in  879. 

Thus  the  reflection  of  light  is  in  all  respeois  analogous  to  the  reflec- 
tion of  sound,  and  subject  to  the  same  laws. 

947.  Rejlection  iy  elKplic  or  parabolic  surfaces  wlien  (lie  luminous 
poiat  is  nst  in  tits  focus. — If,  'm  the  preceding  experiments,  the  lumi- 
nous point  be  moved  from  the  position  of  the  focus  p,  and  be  placed 
either  nearer  to  or  further  from  the  reflector,  or  above  or  below  (lie 
focus,  the  reflected  rays  will  no  longer 
after  reflection  by  an  elliptic  surface,  n< 
directions  after  reflection  by  a  paraboUo  s 
be  verified  experimentally  by  the  same  esj 

If,  when  the  luminous  point  is  placed  before  the  reflector  out  of  the 
tocus  r,  the  screen  H  rj  be  moved  as  before,  the  reflected  rays  will  pro- 


r  converge  to  a  common  point 
r  will  they  proceed  in  parallel 
These  efiects  may 
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duce  npon  it  as  before  an  illuminated  disk ;  but  tliis  disk  will  not  be 
reduced  to  a  luTninous  point  by  moTing  the  screen  from  tbe  reflector ; 
it  will  dimiDish  in  magnitade  to  a  certain  limitj  and  then  increase, 
but  will  Qot  in  any  case  be  reduced  to  a  point. 

In  tbe  same  manner  with  the  parabolic  reflector,  when  the  light  is 
placed  out  of  the  focus,  the  illuminated  disk  produced  upon  the  screen 
will  not  continue  to  be  of  the  same  magnitude,  but  will  either  increase 
or  diminish,  according  as  the  luminous  point  is  placed  withiu  or  be- 
yond the  focns.  In  the  latter  case,  however,  although  the  iOuminated 
disk  will  diminish,  it  will  aot  be  reduced  to  a  poiut,  but  after  being 
reduced  to  a  certain  magnitude,  it  will  again  increase,  and  in  all  these 
eases  the  disk  will  be  much  more  regular  in  its  outline  than  in  the 
former  case. 

It  appeara,  therefore,  that  an  elliptical  reflector  will  only  convert 
rays  diverging  fi'om  a  determinate  point  into  rays  converging  to  another 
determinate  point,  when  the  former  of  these  points  is  at  one  of  the 
foci ;  and  a  parabolic  reflector  will  only  convert  diver^ng  rays  into 
parallel  rays  when  these  rays  diverge  from  the  focus,  and  will  only 
convert  parallel  rays  into  rays  converging  to  a  determinate  point  when 
these  paraJJel  rays  are  parallel  to  the  aais. 

948.  Spherical  reflectors.  —  The  form  of  reflecting  surface,  how- 
ever, which  is  most  easy  of  construction,  and  most  convenient  in 
practice,  and  eoosequentlj  which  ia  most  generally  used,  is  the  spheri- 
cal reflector. 

The  spherical  reflector  is  a  aur&.ee  which  may  be  conceived  to  be 
formed  by  the  arc  of  a  circle  less  in  magnitude  than  a  semieircie 
revolving  round  that  diameter  which  passes  through  ite  middle  point. 
Thus,  let  us  suppose  A.BO,fig.  286.,  to  be  such  an  arc,  e  being  its 
middle  point,  and  o  its  centre. 
Taking  the  line  B  0  x  as  an 
axis  of  revolniion,  let  the  arc  be 
ima^ned  to  rotate  round  it. — 
Now  let  a  surface  be  conceived, 
which  with  the  arc  as  it  re- 
volves would  be  everywhere  in 
exact  contact.  Such  a  surface 
is  that  of  3  spherical  reflector. 
K  the  concave  side  of  it  be  the 
reflector,  the  solidity  and  thick- 
j  then  on  the  convex  side ;  but  if  the  solidity  be  included 
within  the  concavity,  and  the  convex  side  be  polished,  then  the  re- 
flector is  said  to  be  cortDex. 

These  two  classes  of  spherical  reflectflrs,  concave  and  conveXf  have 
distinct  properties,  which  will  be  explained  in  succession. 

The  poiut  B,  which  is  the  middle  point  of  the  generating  arc,  is 
Ciilled  the  vertex  of  the  reflector;  and  the  point  o,  the  centre  of  the 


generating  are,  is  called  its  centre.  Tlio  langtli  A  C  of  tl:o  generating 
aro  itself,  esprcEsed  in  degrees,  is  called  the  opening  of  the  rejleetoT, 
Ooasequentiy,  the  angle  which  the  asia  o  B  mikes  with,  the  radioa 
0  A  drawn  to  the  edge  of  the  reflector  la  h     p       g      Th        h 

line  BOX,  3rawn  through  the  vertex  h  fl 

is  called  the  axh  of  the  refiecior. 

Since  all  radii  of  a,  circle  are  at  righ       g       to    h  m 

at  the  point  where  they  meet  it,  it  h       t     ■ad 

spherical  anrface  are  at  right  angles  to  31      Ci.      H 

Iowa,  that  all  radii  of  a  spherical  teflee  or,  .uoh  as  OR,  OR,  or  , 
&c.,  are  rospeetivelj  at  right  angles  to  the  surface  of  the  reflector. 

These  definitions  and  consequences  are  equally  applicable  to  eoa- 
caye  and  convex  rcfleotora. 

When  a  pencil  of  lays  proceeding  from  any  luminous  point  or 
illuminated  object  is  incident  upon  a  spherical  reflector,  that  ray  of 
the  pencil  wkich  passes  through  the  centre  0  of  the  reflector  is  called 
the  axis  of  tlie  pencil.  Thus,  if  a  pencil  of  rays  diverging  from  the 
point  J,fg.  28T.,  288.,  be  incident  upon  the  reflector  A  b  c,  the  axis 


F^g.s 


Fig.  a 


of  that  pencil  will  in  such  case  be  the  line  10  passing  through  the 
ccnti'e  o  of  the  reflector,  and  meefing  the  surface. 

In  the  case  represented  in  fig.  287.,  the  axis  of  the  pencil  coincides 
^vitlitbe  axis  of -the  reflector ;  but  in  the  case  represented  in  fe.  288., 
it  is  inclined  to  it  at  the  angle  BOO,  A  pencil,  such  aa  tiat  repre- 
sented inj^.  287.,  is  called  the  principal  pencil,  imd  the  line  ib  the 
principal  axis.  The  pencil  represented  iajig.  288.  is  called  the  second- 
ary pencil,  and  the  axis  1 0  a  secondary  asis. 

It  is  clear,  from  mere  inapection  of  the  diagram,  that  tlie  axis  of 
the  principal  pencil  is  the  axis  of  the  reflector.  But  in  the  case  of  the 
seoondai-y  pencil,  represented  in  Jig.  2S8.,  the  axis  i  o  0  of  the  pencil 
is  not  in  the  centre  of  the  rays  which  atnke  the  reflector,  being  more 
on  the  side  b  a  than  on  the  side  b  c. 

The  axis  of  a  pencil  of  parallel  rays  is  defined  in  the  same  manner ; 
ft  principal  pencil  of  parallel  rays  being  one  whose  direction  is  parallel 
to,  and  whose  axk  coincides  with  the  axis  of  the  reflector,  and  a 
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secondai'y  pencil  of  parallel  rajs  being  0119  whose  rajs  and  asis  are 
inoliued  to  the  axis  of  tlie  reflector. 

A  principal  pencil  of  parallel  rays  is  represented  mjig.  289,,  box 
being  its  axis ;  and  a  secondary  pencil  of  parallel  rays  is  represented 
la-jig.  290.,  X  0  b'  being  its  axis. 


949.  Rtflection  of  parallel  rays  hy  spherical  surfaces — Let 
first  consider  the  case  of  a  ptmapal  pencd  of  i  aiallel  r^js 

Let  R  Y  and  r  y  jig.  291.,  be  twi  ravs  ~A  th""  pencil  at  equal  d 


t'tncia  ft  m  the  axis  box.  Draw  0  a  and  0  r.  These  being  radii 
of  the  leflector,  ivill  be  perpendicular  to  its  surface;  and  since  the 
angles  of  reflection  are  equal  to  the  angles  of  incidence,  the  reflected 
raj  s  will  proceed  m.  the  direelion  R  p,  r  p  making  with  the  lines  o  a 
and  o *  angles  equil  to  tbe  angles  of  incidence  o r  y  and  dry.  But 
it  is  evident  that  since  b  Y  and  r  1/  are  parallel  to  e  x,  the  angles  0  e  T 
and  o  r  J/  are  equal  to  the  angles  E  O  p  and  r  0  P.  From  tbis  it  fol- 
lows that  pa,  p o,  and  P  r  are  equal  to  each  other. 

Since  the  two  sides  of  a  triangle  taken  together  must  he  greater 
than  its  base,  p  a  and  P  o  taken  together  are  greater  than  the  radius 
o  R  of  the  reflecTor,  and  consequently  0  p  must  be  greater  than  half 
If  then  p  be  the  middle  point  of  0  b,  the  point  P  will  be 
F  and  B,  and  this  will  be  the  ca.oe  at  whatever  point  of  the 
reflector  the  rays  R  Y  and  r  y  are  incident. 

Now,  if  two  other  parallel  rays  R'  Y'  and  r'  y'  be  taken,  i 
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manner  equally  distant  from  B  x,  but  nearer  fo  it  tban  E  Y  and  r  y, 
it  can  be  shown  that  ttej  will  be  reflected  to  a  common  point  in  tbe 
axis  0  B  between  P  and  r.  In  tbe  same  manner,  if  two  other  parallel 
ray3K"y"  and  r"  j/",  still  equally  distant  from  the  asia  ex,  but  nearer 
to  it  than  R'  y'  and  t'  y',  be  reflected,  they  wiU  converge  to  a  common 
point,  still  nearer  to  the  middle  point  F  of  the  a^  o  B,  but  still  be- 
tween p  and  B ;  in  a  word,  the  nearer  such  raya  are  to  the  axis  b  s, 
the  nearer  will  be  their  common  point  of  convergence  after  reflec- 
tion to  the  middle  point  p ;  but  however  near  they  may  be  to  E  x, 
they  cannot  converge  to  any  point  beyond  r  in  the  direction  of  the 
centre  o. 

It  is  evident,  therefore,  from  these  results,  that  parallel  rays  inci- 
dent upon  a  spherical  surface  do  not  after  reflection  converge  to  any 
common  point,  since  each  cylindrical  surface  formed  by  such  rays  con- 
verges to  a  different  point  upon  the  axis;  nevertheless,  it  appears, 
that  all  these  points  of  convergence  are  included  within  a  small  space 
1'  r  upon  the  axis,  provided  that  the  reflector  have  not  great  extent; 
and  it  is  found,  that  if  the  reflector  do  not  extend  to  more  than  about 
5°  or  6°  oa  each  side  of  its  vertex,  all  the  parallel  rays  reflected  from 
it  will  converge  so  nearly  to  the  middle  point  r  of  the  radius  o  s  pass- 
iug  through  its  vertex,  that,  for  practical  purposes,  the  reflector  may 
be  eonadered  as  posse^ng  the  properties  of  a  parabola  already  ex- 
plained, and  the  reflected  rays  may  be  considered  as  vertically  conver- 
gent to  a  common  point.  This  common  point  will  be  P,  the  middle 
point  of  the  radius  0  b,  which  forms  th«  axis  of  the  reflector,  and 
which  is  parallel  to  the  incident  rays. 

If  a  secondary  penral  of  parallel  rays  be  incident  on  the  reflector, 
as  represented  in  j%.  292.,  tbe  focus  to  which  its  rays  will  be  reflected 
will  be  the  middle  point  e  of  the  radius  o  b',  which  forms  the  second- 
All  the  reasoning  which  baa  been  applied  to  the  principal  pencil, 
f.g.  291.,  will  be  equally  applicable  in  this  ease. 
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If  a  secondary  pencii  Ije  inclined  to  the  aiia  o  B,  at  an  angle  greater 
than  half  the  opeuing  of  tke  reflector,  its  axis  will  not  meet  the  re- 
fleeting  surface.  This  case  is  represented  in_^.  293.,  where  tho  line 
0  F  E'  drawn  through  the  centre  parallel  to  the  rays  of  the  pencil  pass 
below  the  limit  c  of  the  reflector.  In  such  a  case,  nevertheless,  the 
focus  of  tiie  reflected  rajs  is  determined  in  the  same  manner  as  it 
would  be  if  the  reflector  extended  to  e',  and,  accordingly,  the  raja  re- 
flected from  A  o  will  converge  to  a  focus  at  f,  the  middle  point  of  o  b'. 

950.  Principal  focus  of  spherical  refiector  at  the  middle  point  of 
the  radius.  —  If,  therefore,  any  number  of  pencils  of  parallel  rajs, 
principal  and  secondary,  are  incident  upoa  the  same  reflector,  theii 
several  foci  will  lie  at  the  middle  point  of  the  radii  of  the  reflector 
which  ooind.de  respectively  with  their  several  ases;  and  if  an  infinite 
number  of  such  pencils  fall  at  the  same  time  on  the  reflector,  their 
foci  will  form  a  circular  arc  a  c,Jig.  293.,  whose  centre  is  the  centre 
of  the  reflector  o,  and  whose  radius  is  0  p,  one-half  the  radius  of  the 


951.  Experimental  verification. — All  these  effects  may  he  experi- 
mentally verified  by  means  of  screens,  in  a  manner  similar  in  all 
respects  to  that  which  has  been  already  explained  in  the  ease  of  a 
parabolic  refleotor.  Thus  it  can  he  shown,  that  if  the  opening  of  a 
reflector  be  much  greater  than  20°,  parallel  rajs  will  not  be  reflected 
converging  to  a  common  point;  and,  on  the  other  hand,  if  a  luminous 
point  he  placed  at  f,j%.  292.,  the  reflected  rajs  will  not  he  parallel; 
but  if  the  opening  do  not  exceed  20°  or  thereabouts,  parallel  rajs 
will  be  sensibly  convergent  to  the  point  P  after  reflection,  and  rays 
diverging  from  ¥  will  he  reflected  in  directions  sensibly  parallel. 

The  focus  to  which  parallel  rays  converge  after  reflection  is  called 
the  principal  focus  of  the  reflector. 

It  follows,  therefore,  from  what  has  been  stated,  that  the  priocipal 
focus  of  a  spherical  reflector  is  the  middle  point  of  that  radius  which 
is  parallel  to  the  incident  rays ;  and  the  principal  foci  fo(  secondary 
pencils  of  parallel  rajs  lie  in  a  spherical  surface-ii  e,Jig.  293.,  whose 
centre  is  the  centre  of  the  reflector,  and  whoso  radius  is  half  the 
radius  of  the  reflector. 

952.  jiberration  of  sphericity.  — When  the  opening  of  a  spherical 
reflector  exceeds  the  limit  alreadj  stated  of  about  20°,  parallel  rajs 
foiling  on  that  part  of  its  surface  which  is  more  than  10°  from  its 
vertex  will  he  reflected  sensibly  distant  from  the  principal  focus,  and 
consequently  the  entire  pencil  of  rajs  whose  base  is  tJie  reflector  will 
not  have  a  common  point  of  convergence.  Those  which  are  incident 
npon  the  reflector  within  a  distance  of  10°  from  its  verfes  will  con- 
verge sensibly  to  the  principal  focus ;  but  those  bejond  that  limit  wilt 
converge  to  points  more  or  less  distant  from  the  principal  focus, 
according  as  these  points  of  incidence,  more  or  less,  exceed  a  distance 
of  10°  from  the  vertex  of  the  reflector. 
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This  departure  from  eorrect  convergence,  produced  by  th    t     gi    t 
magnitude  of  the  reflecting  aurfiioe,  is  called  tlie  {Aerration  f  yhe 
city,  or  spherical  aherralion. 

To  convoy  a  more  exact  idea  of  the  form  and  curvature  i  f      ph 

cal  reflector  which  has  the  effect  of  effacing  spherical  aberrati  n        h 

a  reflector  is  represented  in  _fig.  294.,  where  AC  is  an  0     e 

Aj  length,  representing  the  vertical       t    n    f 

_t,i  the  reflector,  B  being  its  vertex,  o  t      lit 

and  r  its  principal  foeus.  Eaja  t  U  n^  u 
C  parallel  to  o  b  would  he  reflect  d  hly 
the  point  r;  hut  if  the  reflector  were 
greater  in  the  opening,  as,  for  example,  if  it 
extended  to  a'  and  (f,  being  20"  on  each 
side  of  the  vertex  b,  then  the  parallel  rays 
incident  at  its  extreme  points  a'  and  c"  would  he  reflected  to  /,  a 
point  between  r  and  b.  In  snch  cases,  the  space  /  f  would  he  that 
within  which  all  the  rays  incident  between  A  and  a',  and  between  o 
and  (f,  would  he  collected.  This  spaced  f  would  then  be  the  ex- 
tremity of  tlie  aberration  of  sphericity  due  to  a  reflector  40°  in  magni- 

The  spherical  aberration  of  a  secondary  pencil  will  be  greater  than 
that  of  a  principal  pencil;  for  in  the  ease  of  the  secondary  pencil  re- 
presented in^^.  293,  the  axis  of  which  is  in  the  direction  of  o  b', 
the  aberration  will  be  the  same  as  if  the  opening  of  the  reflector 
wer^Hwioe  the  arc  a  b'  ;  and  in  proportion  as  the  angle  formed  by 
the  axis  of  the  secondary  pencil  0  e'  with  the  axis  of  the  reflector 
0  B  is  increased,  this  cause  of  aberration  will  be  also,  increased.  Thus 
in  the  secondary  pencil  represented  i^SS-  293,  the  aberration  would 
be  the  same  as  if  the  opening  of  the  reflector  were  twice  the  angle 
A  0  b'. 

In  fine,  the  aberration  attending  any  secondary  pencil  will  always 
fca  the  same  as  that  which  would  be  produced  witb  a  principal  pencil 
by  a  reflector  whose  opening  would  be  equal  to  the  opening  of  the 
proposed  reflector,  added  to  twice  the  angle  formed  by  iie  axis  of  the 
reflector  and  the  axis  of  the  secondary  pencil.  Thus,  in  the  case  rer 
presented  in  fig.  293,  the  aberration  of  the  secondary  pencil  is  the 
same  as  would  be  produced  upon  a  principal  pencil  by  a  reflector  hav- 
ing an  opening  equal  to  twice  a  b'. 

953.  Ca^e  of  convex  reflectors.  —  In  what  precedes,  the  case  of 
concave  reflectors  only  his  been  contemplated.  The  same  conclu- 
sions, however  will  be  appheable,  with  but  little  qualification,  to  the 
case  of  convex  reflectors 

Let  Bueh  a  icflictoi  b^  lepresented  by  Aa,fi^.  295,  a  pencil  of 
rays  parallel  to  the  dxis  b  x  being  incident  upon  it.     The  est 
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had  origintjly  been  united  at  Y.  This  point  p  is,  therefore,  in  such, 
case,  not  a  point,  as  in.  the  case  of  a  concaTe  reflector,  where  the  iaja 
do  actually  coalesce,  hut  a  point  where  they  would  coalesce  if  .-Shey 
had  been  continned  backwards  from  the  points  on  the  surface  of  the 
reflector. 

954,  Foei  real  and  imaginary. — A  fooua  like  the  former,  where 
the  rays  do  actually  converge,  is  called  a  real  focus,  and  sometimes  a 
physical  focus ;  ■whereas  a  focus  like  the  latter,  in  which  the  rajs  do 
not  actually  converge,  but  which  merely  forma  the  point  of  conver- 
gence of  their  directions,  is  called  an  imaginary  focus.  In  the  case 
already  explained  of  plane  reflectors,  the  focus  of  reflection  of  a  di- 
vergent pencil  is  an  imaginary  focus;  and,  on  the  other  hand,  of  a. 
coHYcrgent  pencil  is  a  real  or  physical  focus. 

955.  Images  formed  hy  concave  reflectors.  —  If  aa  object  be 
placed  before  a  concave  reflector  at  so  great  a  distance  from  it  that  all 
pencils  of  rays  passing  from  such  object  would  be  conadered  aa 
parallel,  an  image  of  such  object  will  be  formed  at  the  principal 
focus  of  the  reflaotor  j  that  is  to  say,  midway  between  its  centre  and 
its  s>«'fiice. 

Let  A.  fi>  fig.  296,  be  such  a  refieotor,  s  being  its  vertex,  O  its 
centre,  and  F  the  principal  foeus.  Let  L  M  be  an  object,  placed  at  so 
great  a  diataoce  from  the  reflector,  that  ibe  divergence  of  a  pencil  of 
rays  passing  from  any  poiot  upon  it,  and  liavicig  tiso  reflector  aa.  their 


base,  shall  be  so  small  that  the  rajg  may  be  considered  as  practically 
parallel. 

Let  L  0  ?  be  the  asis  of  the  secondary  pencil  passing  from  L,  and 
M  0  m  tie  axis  of  the  secondary  pencil  passing  from  m,  I  and  m  being 
respectively  the  middle  points  of  the  radii,  and  therefore  the  foci  to 
whioh  the  pencils  proceeding  from  l  and  M  respecfively  a 
after  reflection.  Images,  therefore,  of  the  points  L  and  M 
will  be  produced  at  I  and  m. 

In  the  same  manner,  the  pencils  proceeding  from  the  several  points 
marked  1,  2,  3,  4,  5,  &c,,  will  conTcrge,  after  reflection,  to  the  cor- 
responding points  marked  1',  2',  3',  4',  5',  &c.,  which  are  the  middle 
points  of  the  several  radii  which  are  in  the  direction  of  the  ases  of  the 
several  pencils.  At  these  points,  therefore,  images  will  be  formed  of 
the  corresponding  points  in  the  object,  and  the  assemblage  of  theso 
images  wili  form  a  complete  image  of  the  object  in  an  inverted  posi- 
tion, midway  between  the  centre  o  and  the  surface  A  B  0  of  the  re- 
flector. 

It  is  evident  that  the  points  forming  the  image  m  I  will  lie  in  a  sphe- 
rical surfiice,  whose  centre  is  0,  and  whose  radius  is  half  the  radius 
of  the  reflector.  If,  therefore,  the  object  be  a  straight  line,  its  image 
will  be  the  a       f  1  d  if  the  object  be  a  plane  surface,  its 

image  will  be      jh  n    1      -face. 

In  the  cas  p  t  d  jig.  296.,  the  central  point  of  the  object 
is  placed  in  th  1  U  f  he  asis  of  the  reflector,  and  the  central 
point  of  the        g    h  sequently  also  in  the  asis,  and  the  image 

B  at  right  angl     to  th  f  the  reflector  and  is  bisected  by  it. 

It  will  be  pi  d  h  fter  that  the  apparent  visual  magnitude 
of  an  object  d  t  rm  d  by  the  angle  formed  by  two  straight  lines 
drawn  from  th  y  to  th  tremities  of  the  object.  Thus  if  the  eye 
were  placed    t      th  tr    of  the  reflector,  the  angle  l  o  m  would 

be  the  appar    t  m       t  d     f  the  object.     The  full  import  and  pro- 
■  priety  of  this  t    m  will  be     plained  more  fully  hereafter,  but  for  the 
present  it  will  b    co  t  to  use  it  in  the  sense  just  explained. 

It  is  evide  t  th  th  t  th  apparent  magmtude  of  the  object  l  m, 
as  viewed  from  the  centre  of  the  reflector  o,  is  the  same  as  the  appa- 
rent magnitude  of  its  image  I  m  viewed  from  the  same  point,  since 
the  lines  drawn  from  the  limits  of  the  object  and  the  image  intersect 
each  other  at  the  point  0. 
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It  is  evident  also  that  the  linear 
.ma.gnitude  of  the  image  will  he 
JQst  so  much  !eS3  than  the  lineal 
magnitude  of  the  ohjeot,  as  ore- 
half  the  radius  of  the  reflector  o  Jt 
ia  less  than  the  distance  of  the  ob- 
ject from  the  centre  o. 

956.   Case  in  which  the  o^ect 
is  not  placed  on  ike  axis  of  the  re- 
fitcior. — The  ease  in  ■which  the 
axis  of  the  reflector  is  not  directed 
-^  to  the  centre  of  the  object  is  repre- 

^'g'  38"-  seated  mjlg.  297. 

In  this  case  the  image  of  the  ohjeot  l  m  is  produced  at  X  m,  be- 
tween the  axes  of  the  secondary  pencils,  proceeding  irom  the  estre- 
mitiea  of  the  object  I.  M,  and  at  the  middle  pointa  of  the  radii  which 
coincide  with  the  axes. 

In  the  case  of  a  convex  reflector,  let  L  VL,Jig.  298.,  be  the  object, 
placed,  aa  before,  at  such  a  distance  that  each  pencil  of  rajs  proceed- 


Fig.  S98. 

ing  from  a  point  in  the  object  to  the  reflector  may  be  considered  as 
parallel.  Let  l  o  and  M  0  be  the  axes  of  the  pencils  proceeding  from 
the  extreme  points  of  the  object.  After  reflection,  the  rays  of  these 
pencils  will  diverge  as  if  they  had  proceeded  from  the  points  I,  m  re- 
spectively, which  ai'c  the  middle  points  of  the  radius  of  the  reflector; 
and  tberefore,  if  such  rays  were  received  by  the  eye  of  an  observer, 
they  woald  produce  the  same  effect  on  vision  as  if  they  had  proceeded 
from  the  points  I,  m,  and  consequently  the  points  I.  M  of  the  object 
would  appear  as  if  they  were  placed  at  I,  m.  In  the  same  manner,  it 
may  be  shown  that  the  intermediate  pointa  1,  2,  3,  4,  5  of  the  objeot 
will  appear  as  if  they  ■were  at  the  intermediate  pointa  1,  2,  3, 4,  5  of 
the  radii,  which  are  ia  the  direction  of  their  respective  pencils.  Thus  aa 
eye  directed  to  the  reflector,  receiving  the  rays  of  the  reflected  pencils, 
will  see  the  object  as  if  it  were,  on  a  spherical  surface,  of  which  the 
centre  is  o,  and  of  which  the  radius  is  one-half  the  radina  of  the 


The  image  I  m  in  this  case,  though  not  formed  by  the  real  intersee- 
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Won  of  the  rays  of  light,  is  not  the  less  present  to  vision.  The  eye 
receives  the  rays  exactly  as  it  would  receive  them  if  they  had  actaally 
diverged  irom.  the  points  I,  1,  2,  3,  4,  5,  m,  and  consequently  tlie 
effect  on  vision  is  the  same  aa  if  a  real  image  of  the  ohject  were  placed 
at  Im. 

It  is  evident  from  the  figure,  that  in  this  case  the  image  is  erect, 
and  not  inverted,  as  in  the  case  of  the  concave  reflector. 

All  that  is  said,  however,  of  the  relative  mi^nitudes  of  the  image 
and  ohject  in  the  case  of  the  concave  reflector,  will  he  equally  appli- 
cable here.  Thus,  to  an  eye  placed  at  o,  the  apparent  magnitude  of 
the  object  l  M,  and  of  its  miage  I  m,  will  he  the  same ;  and  the  real 
linear  magnitude  of  the  image  will  be  just  so  much  lesa  tSiaa  that  of 
the  object,  aa  one-half  the  radius  of  the  reflector  is  less  than  the  dis- 
tance of  the  object. 

957.  Experimental  verification  of  these  principles.  —  The  pheno- 
mena which  have  been  just  expliuned  in  the  case  of  the  reflection  of 
very  distant  objects  produced  by  concave  and  convex  reflectors,  may 


If  a  concave  reflector  be  directed  towards  the  smi  or  moon,  an 
image  of  either  of  (hose  objects  will  be  found  at  its  prinmpal  focus, 
and  saoh  im^  may  be  rendered  apparent  by  holding  at  its  principal 
focus,  and  at  right  angles  to  the  radius  directed  to  the  object,  a  small 
semi-transparent  sci-een,  which  may  he  formed  of  ground  glass  or 
oiled  paper. 

A  small  image  will  be  seen  upon  the  screen,  the  diameter  of  which 
■will  bear  the  same  proportion  to  the  real  diameter  of  the  sun  or  moon, 
as  half  the  radius  of  iiie  reflector  bears  to  the  distance  of  one  or  other 
of  these  objects. 

The  effects  of  a  convex  reflector  can  be  still  more  easily  made  mani- 
fest. When  a  convex  reflector  is  presented  to  any  distant  objects, 
their  images  will  be  seen  in  it,  and  will  appear  aa  if  they  were  behind 
the  reflector. 

They  will  be  less  in  magnitude  than  the  objects  in  the  proportion 
in  which  half  the  radius  of  the  reflector  is  less  than  the  distance  of 
the  objects,  and  they  will  appear  as  if  they  were  painted  on  a  spheri- 
cal suriiice,  having  its  centime  at  the  centre  of  the  reflector,  and  having 
half  the  reflector  for  its  radius. 

958.  Geometrical  principles  ori  which  the  explanation  of  the  pheno- 
mena depends. — Before  proceeding  t«  explain  the  eifects  produced  by 
spherical  reflectors  on  diverging  and  converging  pencils,  it  will  be 
convenient  here  briefly  («  state  some  principles  derived  from  geome- 
try, to  which  it  will  be  necessary  frequently  to  recur  in  explanation 
of  the  effects  produced  on  pencils  of  raya  by  spherical  surfaces  on 
which  they  are  incident,  whether  these  surface)  belong  to  opaque 
bodies  or  transparent  media. 

The  magnitude  of  angles  is  easily  explained  by  stating  the  dcgveea 
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and  parts  of  degrees  of  which  they  consist.  It  may  also  be  often 
more  conveniently  esprasaed  by  steting  the  ratio  which  the  arc  which 
bounds  them  beara  to  the  radins.  Thus  an  angle  bac, Jig.  299., 
will  be  perfectly  defined  if  the  ratio  which  tbe  arc  B  o  bears  to  its 
radius  AB  be  stated.  Any  other  angle,  euch  as  frac,  the  arc  of  which 
6  c  bears  the  same  ratio  to  the  radius  b  a,  will  necessarily  have  the 
same  magnitude.  This  principle  may  be  Tendered  still  clearer,  if, 
with  A  as  a  centre,  several  arcs,  such  as  b'  tf,  b"  o",  e'"  c"',  &o.  be 
drawn  subtending  some  angle  A.  It  is  demonstrated  in  geometry, 
and  made  evident  from  the  figure,  that  the  area  b'  o*,  b"  <?',  b'"  o"', 
bear  respectively  the  same  ratio  to  their  radii  A  b',  a  e",  a  b"',  aa  the 
arc  E  c  bears  to  its  radiu.s  A  B. 

On  this  principle,  the  magnitude  of  an  angle  may  with  great 
GOUT,%iiience  be  expressed  by  a  fi-action,  whose  numerator  is  its  are, 
and  whose  denominator  is  its  radius.     Thus  the  angle  A,  fig.  299., 

,  1  ,     B  0        b'  c'      b"  o"   . 

may  be  expressed  by—,  or  -; — ,  or  - ,-.  ■■■  ,  &o. 

■^  '  ■'  B  A '        B'  A        b"  A ' 

If  the  angles  be  very  small,  perpendiculars  drawn  from  the  extre- 
mity of  either  side,  including  them  upon  the  other,  may  be  considered 


.-=3 


aa .  equal  to  the  wc.  Thus,  in  ^.  299.,  the  perpendiculars  B  m  and 
0  m'  may  be  regarded  as  equal  to  the  arc  B  0,  provided  the  angle  A 
do  not  exceed  a  few  degrees. 

In  the  case  of  such  angles,  therefore,  their  magnitude  may  be  easily 
espressed  by  a  fraction  whose  numerator  is  the  perpendicular,  and 
whose  denominator  is  the  radius. 

Thus  the  angle  A,  being  small,  will  be  espressed  by  —  or  by 
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959.  CimcaiK  refiectors.  —  Let  i,_^^.  300.,  be  the  focus  of  a  diverg- 
ing pencil  of  rays,  incident  upon  a  ooncavo  reflector  a  b  o,  the  point 
I  being  supposed  to  be  upon  the  axis  of  the  reflector.  Draw  i  A 
ajid  1 0,  representing  the  extreme  rays  of  the  pencil.    Draw  o  A  and 

^  .,ei,ogic 


o  c,  the  radji,  to  tlic  points 
of  incidence.  The  angles 
0  A  I  and  o  0  I  will  then 
b  th  n  1  f  n  d  oe 
and  th  w  11  vid  ntly  be 
ei  1  b  u  th  th 
sil  f  th  tw  t  ngl 
a  p    t     ly     [  al 

Fig.  300.  T    fin^  th    dir    ti  n    f 

th        pect  t  w    Id 

he  only  necessary  to  draw  from  A  and  o  lines  which  make  with  a  o 
yiid  0  o  angles  equal  to  the  angles  of  incidence. 

Let  these  lines  be  A  E  and  0  b.  The  two  rays  i  a  and  i  o  will 
therefore  be  reflected  converging,  and  will  meet  at  E. 

By  the  principles  of  geometry,*  the  angle  o  A  a  of  reflection  is 
equal  to  the  difference  between  the  angles  a  e  B  and  A  o  b,  and  the 
iingle  o  A I  of  incidence  is  equal  to  the  difference  between  the  angles 
A  o  B  and  A I  B. 

Now,  let  y  express  the  distance  ib  of  the  foijus  of  incident  rays 
from  the  vertex,  and  f  the  distance  E  B  of  the  focus  of  reflected  rays 
from  the  same  point,  and  let  r  express  the  radius  0  K  of  the  surface. 
We  'ohail  then  have,  according  to  what  has  been  explained, — 

AB       AB 

OAI= ^, 

AB        AB 

-"  =  -/-- 

But  since  the  two  angles  are  equal,  we  shall  have 

AB       AB_AB       AB 

Omitting  the  common  numerator  A  B,  wc  shall  then  have 
1_1_1  __1 
r      /-/'      r; 

and  consequently  we  shall  have 

The  same  formula  is  applicable  to  rays  incident  at  every  point  be- 
tween A  or  0  and  the  vertex  B ;  so  that  rays  reflected  from  all  such 
points  will  converge  to  a  common  point  on  the  axis,  whose  distance 
from  B  will  be  determined  by  the  value  of/',  found  by  the  preceding 
formula. 


"  Euclid.  Book  1.  Prop,  33. 
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The  formula  (A)  ia  of  the  utmMt  importance,  anil  mny  be  hotli 
understood  and  remembered  with,  tho  greatest  facility. 

It  may  be  expressed  in  common  language  as  follows  : — 

If  the  fractions,  whose  mimecator  is  1,  and  whose  denominators 
are  the  numbei's  expressing  the  distances  of  the  foci  of  incident  and 
reflected  rajs  from  the  Yertex,  be  added  together,  their  sum  wfll  he 
eir(ual  to  a  fraction,  whose  namerator  is  2,  and  whose  denominator  is 
tlie  radius  of  tlie  reflecting  surface. 

960.  Rule  to  delermine  the  coTtjvgaie  foci  in  concave  spherical 
reflectors.  — By  this  formula  (A)  the  position  of  the  focus  of  reflected 
rays  can  always  he  found  when  that  of  the  incident  tays  is  known. 
We  ha^e  only  to  subtract  the  fraction  whose  numerator  is  1,  and 
whose  denominator  is  the  distance  of  the  focus  of  incident  rays  from 

the  vertex,  that  is  to  say,  the  fi'action  ^  from  the  fi-aclion  whose  uu- 

merator  is  2,  and  whose  denominator  is  the  radius,  and  the  remainder 
will  be  equal  to  a  fraction  whose  numerator  is  1,  and  whose  denomi- 
oator  ia  the  distance  of  the  fooas  of  refleotad  rays  from  the  Tertei. 
It  is  evident  that  by  a  like  process  the  focus  of  incident  rays  can  foe 
found  wheneyer  the  focus  of  reflected  rays  is  known. 

Since  the  two  fractions  7;  and  j,  added  together  always  produce  the 

same  sum,  it  follows  that  whatever  circumstances  increase  one  must 
diminisli  the  other ;  and  hence  it  follows  that  the  more  distant  the 
focus  of  incident  rays  I  is  from  the  reflector,  the  nearer  the  focus  of  ' 
reflected  rays  R  will  be  to  it,  and  vice  versd  ;  because  as  I B  increases, 
B  B  must  diminish,  and  vice  vers&,  as  has  been  just  explained. 

If  the  focus  I  were  removed  to  an  infinite  distance,  then  the  frac- 


would  be  equal  to  -,  and  consequently  /'  would  be  equal  to  Jr;  that 

is  to  say,  the  focus  of  reflected  rays  would  then  be  coincident  with  the 
principal  focus,  which  is  only  what  might  have  been  anticipated,  be- 
cause if  fie  focus  of  incident  rays  i  he  removed  to  an  infinite  distance, 
the  pencil  of  incident  rays  having  the  reflector  for  its  base  must  be 
parallel. 

But  in  order  to  produce  this  effect,  it  is  not  necessary  that  the  focus 
of  the  pencil  of  incident  rays  should  be  either  infinitely  or  even  very 
considerably  distant.  Let  us  suppose  that  the  distance  r  b,  which  is 
here  expressed  by/,  is  only  one  hundred  times  the  length  of  the 
radius  of  the  reflector,  and  let  half  the  radius,  or  the  distance  of  the 
principal  focus  from  the  vcrtes,  be  expressed  by  r,     Thoa  wo  shall 


f=  200  r. 
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Consequently  we  sliall  have 


f'^T 

2001° 

=  200i' 

and  tlioiefore 

/': 

200 1 
10!) 

'  +  reo 

X  J.; 

that  is  to  say,  the  distance  of  the  focus  of  reflected  raya  from  the  ver- 
tex will  exceed  the  distance  of  the  principal  focus  by  the  199th  part 
of  half  the  radius,  or  nearly  the  400tli  partjjf  the  radius  of  the  re- 
flector, an  inajgnifioant  quantity. 

It  follows,  therefore,  that  whenever  the  distance  of  an  ohjeot  from 
the  i-efleot*)r  is  not  less  than  100  times  its  radius,  all  pencils  proceed- 
ing from  it  may  be  regarded  as  paiailel,  and  therefore  aa  coincident 
with  the  principal  focus  of  the  reflector. 

It  follows  also  from  the  preceding  formula,  that  when  the  focus  of 
incident  raya  is  heyond  the  centre,  the  conjugate  focus  of  reflected  ■ 
rays  will  be  between  the  centre  and  the  principal  focus;  and  that 
when  the  focus  of  incident  rays  is  between  the  centre  and  the  priuci- 
pal  focus,  the  conjugate  focus  of  reflected  rays  will  be  beyond  the 
centre. 

In  the  preceding  cases,  wc  have  supposed  the  focus  of  incident  rays 
to  be  situate  at  some  point  heyond  the  principal  focus  of  the  reflector. 

Let  us  now  consider  the  case  in  which  the  focus  of  incident  rays  I, 
jig,  301.,  is  placed  between  the  principal  focus  f  and  the  vertex. 


Fig.  301. 

Let  I A  and  i  C,  as  before,  be  the  two  extreme  rays  of  the  pencil, 
and  draw  the  radii  a  0  and  C  0.  To  find  the  direction  of  the  reflected 
rays,  it  is  only  necesaary  to  draw  from  A  and  c  two  lines,  which  shall 
make  with  o  A  and  o  c  angles  equal  to  those  which  A  I  and  o  i  make 
with  them.  Let  this  direction  be  A  X  and  o  x'.  It  follows,  therefore, 
that  in  this  case  the  reflected  rays  will  diverge  instead  of  converging, 
is  in  the  former  ea,se,  and  that  their  point  of  divergence  will  be  at  B, 
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upon  tUe  axis  behind  the  reflector ;  consequently  the  focus  will  he  aa 
imaginary  foens. 

By  geometrical  principlea  already  refereed  to,*  the  angle  of  in- 
cidence I  A.  o  IB  equal  to  the  difference  hetween  the  angles  A  I  b  and 
A  o  B,  and  the  angle  of  reflection  x  A  o  is  equal  to  the  sum  of  the 
angles  are  and  A  o  B ;  and  since  the  angles  formed  hy  o  a,  r  a,  and 
K  A  with  the  asis  o  r  are  so  small  as  to  come  within  tie  scope  of  the 
principles  already  expressed,  we  shaD  have 

AB    ,    AB 
XAO=-^  +  — -, 

wheis/and/'  express,  as  in  the  former  case,  the  distances  of  the 
foci  of  incidence  and  reflection  respectively  from  the  vertex  b. 
We  shall  therefore  have 

AB       AB      AE       AE 

and  omitting  tlic  common  numerator  A  E,  we  shall  have 
112        ,  , 

/-/'-■  -W' 

a  formula  which  is  identical  with  formula  (a),  p.  48.,  only  that 

-^  in  it  U  negative,  ivhioh  indicates  that  the  focus  of  reflected  rays  is 

imaginary  and  hehind  the  reflector. 

In   the  formula  (b)  it   is  not  the   snm  of  the    two   fractions 

Y,  and  y,  hut  their  difference,  which  is  equal  to  -, 

Analogous  results,  however,  follow  from  this  formula,  which  may 
he  expressed  in  common  language  as  follows: — 

When  the  focus  of  rays  incident  upon  a  concave  reflector  if 
hetween  its  principal  focus  and  the  vertex,  the  difference  betw 
fraction  whose  numerator  is  1  and  whose  denominator  is^the  distance 
of  the  focus  of  inoident  rays  from  the  vertex,  and  the  fraction  whose 
numerator  is  1  and  whose  denominator  is  the  distance  of  the  focus  of 
reflected  rays  from  the  vertex,  will  be  equal  to  the  fraction  whose  nume- 
rator is  2  and  whose  denominator  is  the  radius  of  the  reflecting  surface. 

Since  the  difference  hetween  these  two  fractions  is  always  ttie  same, 
however  they  may  Beparat«ly  vary,  it  follows,  that  when  one  increases, 
the  other  must  increase  to  the  same  extent.  Hence  it  follows,  that 
/and/'  increase  and  diminish  together;  and  therefore  it  also  follows, 
that  as  the  focus  of  incident  rays  I  approaches  the  vertex  b,  the  focus 


kio^lc 
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of  reflected  rays  a  must  nlso  approaoli  it ;  and  na  the  focus  of  incident 
raja  I  recedes  from  tlie  vertex,  the  focus  of  reflected  rays  R  must  also 
recede  from  it. 

When  the  focus  of  incident  rays  i  arriyea  at  the  principal  focus  E, 
tlie  focus  of  reflected  rays  a  recedes  to  an  infinite  distance. 

901.  Case  of  converging  incident  rays. — If  rays  fiill  on  the  reflec- 
tor converging  to  a  point  R  heliind  it,  they  will  he  reflected  converg- 
ing to  tie  point  i.  In  this  case,  the  focus  of  incident  laja  being 
behind  the  refleolor  will  be  im^uary,  and  the  focus  of  reflected  raya 
being  before  it  wili  be  real.  Kie  relative  positiona  of  the  two  foci, 
however,  will  be  determined  in  the  same  manner  esaotly  as  if  I  were 
tbc  focus  of  incidence,  and  e  the  focus  of  reflection.  It  may  he  use- 
ful to  observe  in  general,  that  the  conjugate  foci  are  in  all  cases  inter- 
changeable. 

If  the  foouB  of  incidence  become  the  focia  of  reflection,  the  focua 
of  reflection  will  become  the  focus  of  incidence,  and  vice  versd. 

S62.  Convex  rejleciors.  — The  eifecta  attending  diverging  or  con- 
vergj.ng  rays  incident  npon  convex  reflectors,  are  in  all  respects  analo- 
gous to  those  which  have  been  just  established  respecting  concave 
rcfloctors. 

It  is  only  necessary  to  observe,  that  converging  rays  upon  a  convex 
reflector  are  analogous  to  diverging  rays  upon  a  concave  reflector ;  and 
diverging  rays  upon  a  convex  reflector  are  analogous  to  converging 
rays  upon  a  concave  reflector. 

Thus,  it  AC,  fig.  300,,  instead  of  representing  a  concave,  represent 
a  convex  reflector,  and  a  pencil  of  rays  be  supposed  to  be  incident 
upon  it,  which  if  not  intercepted  would  converge  upon  the  point  i, 
those  rays  after  reflection  will  diverge  from  the  point  e.  The  conju- 
gate foci  will  be  in  this  case  precisely  similar,  and  determined  by  simi- 
lar conditions  as  in  the  former  case,  except  that  the  incident  rays  are 
conver^nt,  while  the  reflected  rays  ai'c  divergent,  the  conti'ary  being 
the  case  in  a  concave  reflector. 

In  lite  manner,  if  the  reflector  a  a,  fig.  301.,  be  a  convex  instead 
of  a  concave  reflector,  a  pencil  of  rays  incident  upon  it,  which  if  not 
intercepted  would  converge  to  i,  will  be  reflected  converging  to  e.  In 
this  caa^,  the  focus  of  incident  rays  will  be  jma^nary,  and  the  focua 
of  reflected  rays  real,  contrary  to  what  was  shown  for  a  concave  reflec- 
tor ;  but  the  relative  position  of  tbe  two  foci  will  be  determined  as 
before. 

Images  of  near  ohjecls  formed  ly  spherical  reflectors. — The  man- 
ner baa  been  explMned  in  which  images  are  formed  by  spherical  re- 
flectora  of  objects  whose  distance  is  so  great  that  the  pencils  of  raya 
proceeding  from  them  may  be  considered  aa  consisting  of  parallel 
rays.  It  js  ia  this  and  like  cases  important,  that  the  student  should 
not  confound  the  directions  of  the  pencils  themselves  with  the  du-ec- 
tions  of  the  rays  which  form  them.     Thus,  the  pencils  of.  rays  pro- 
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ceediDg  from  points  upon  the  surface  of  the  sua  or  moon  are  jwncila 
of  parallel  rajs,  because  the  distance  of  the  fooi  of  such  pencils  from 
the  obseiyer  is  ineomparahly  great  compared  with  any  surface  which 
cau  form  the  hase  of  the  pencil.  Thus,  the  surface  of  the  largest 
reficotor  is  as  nothing  compared  with  the  dktanee  of  any  point  iu  the 
sun  J  and  consequently,  tbe  rays  which  form  a  pencil,  whose  vertex  is 
a  poiat  in  the  sun,  and  whose  base  is  the  suriace  of  such  a  reflector, 
may  he  practically  considered  as  parallel;  but  this  parallelism  must 
not  he  applied  to  the  direction  of  the  pencils  themselves  which  pro- 
ceed from  different  points  in  the  sun.  The  directions  of  these  pen- 
oils,  or,  to  speak  strictly,  those  of  their  respective  axes,  are  not 
parallel,  the  axes  of  the  extreme  pencils  forming  an  angle  with  each 
other  equal  to  the  apparent  diameter  of  the  sun ;  and  the  same  ob- 
servatjons  would  be  applicable  to  any  other  object  w 
BO  gi-eat  that  a  pencil  of  rajs  proceeding  from  it  may  be  r 
parallel. 

These  observations  being  premised,  we  shall  now  explain  the  man- 
ner in  which  images  are  formed  by  spherical  reflectors  of  objects 
whioh  are  not  so  distant  that  the  rays  of  the  pencils  proceeding  from 
points  in  them  can  be  regarded  as  parallel. 

Let  A  B  G,jig.  302.,  be  a  concave  reflector,  whose  centre  is  0,  and 
whose  vertex  is  e.     Lot  l  m  be  an  ohjeotj  whose  form  we  shall  for 


Fig.  303. 

the  present  assume  to  be  that  of  an  arc  of  a  circle  whose  centre  is  0. 
Let  L  l'  and  m  m'  be  the  axes  of  the  extreme  secondary  pencils  pro- 
ceeding from  this  object,  and  let  I  and  m  be  the  foci  of  reflectioa  con- 
jugate to  the  points  l  and  m.  An  image  of  the  point  I  will  be 
formed  at  I,  and  an  image  of  the  point  M  will  be  formed  at  m,  and 
images  of  all  the  intermediate  points  between  l  and  m  will  bo  form- 
ed at  intermediate  points  of  an  arc  drawn  from  I  to  m,  having  o  as  a 
centre. 

Since  the  lowest  point  of  the  image  corresponds  to  the  highest 
point  of  the  object,  and  vice  versd,  the  image  will  in  this  case  be  in- 
verted with,  respect  to  the  object,  and  thelinear  magnitude  of  the 
image  will  fleai-  to  that  of  the  object  the  same  proportion  as  0  /  bears 
tool. 

These  results  follow  in  the  same  manner  as  in  the  ease  of  the 

images  of , distant  objects  already  explained.  f '',-,,  1,1 1,- 

e2  ^'=''^^5^*-'^'8'^ 
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The  distance  0  Zia  determined  mliea  ol  is  known  by  tte  formulte 
(a)  and.(B},  p.  48.  and  p.  51. ;  that  is  to  say,  the  position  and  magni- 
tude of  the  image  will  be  determined  when  the  position  and  magnitude 
of  the  object  are  known. 

In  this  case,  the  ohjeot  l  m  has  been  supposed  to  have  the  form  of 
a  oiroalar  arc,  and  its  image  to  have  a  similar  form.  If  the  object 
form  part  of  a  spherical  surface  whose  centre  is  0,  the  image  would 
have  a  like  form;  but  if  the  object  were  a  straight  line  or  flat  buv- 
I'ace,  then  the  image  would  be  more  or  less  curved,  and  would  conse- 
quently be  distorted.  But  as,  in  general,  the  angle  o,  under  which 
the  object  or  image  would  be  seen  from  the  centre,  is  small,  this 
curvature  may  be  disregarded,  and  we  may  assume  that  the  image 
will  be  similar  to  the  object. 

963.  Spherical  aberration  of  reflectors.  —  The  pencils  of  rays 
proceeding  from  or  to  the  incident  focus  will  be  reflected  to  a  common 
point,  only  on  the  condition  that  the  opening  of  the  reflector  is 
limited,  as  was  explained  in  the  case  of  parallel  rays.  If  it  be  not 
so  limited,  tlien  the  extreme  rays  of  the  pencil  will  converge  to  points 
sensibly  different  from  those  which  are  within  such  limit  of  distance 
of  the  vertes  already  defined,  and  hence  will  arise  a  spheneal  aber- 
ration. 

If  even  the  reflector  be  suf&oiently  limited  in  ita  opening,  a  sensible 
spherical  aberration  will  arise  from  the  secondary  pencils  which  pro- 
ceed from  the  borders  of  the  object,  and  are  inclined  at  the  greatest 
angles  to  the  aaia  of  the  reflector,  for  ia  this  case  the  angle  of  di- 
vergence of  such  pencils  will,  as  has  been  already  esplained,  exceed 
that  limit  which  would  effiiee  the  spherical  aberration.  Hence  it 
arises  that  images  produced  by  sphericrff-iEflectors  when  the  objects 
are  too  great,  are  indistinct  towards  the  borders,  the  pencils  which 
form  each  part  of  the  image  not  being  brought  to  the  same  focus,  and 
consequently  producing  a  confused  effect. 

964.  Cose  m  lekich  the  oliject  is  placed  between  tlte  principal 
focus  and  Ike  refiector.  —  In  what  precedes,  the  position  of  the  object 

before  a  concave  reflector 


the  principal  focus  F  and 

In  this  case  the  image  Im  will  be  behind  the  reflector 

at  the  points  which  form  the  foci  conjugate  to  the  several  points  of 

the  object  I.  M, 

The  image  will  in  this  case  evidently  he  erect  with  respect  to  the 

„, Ggislc 
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objeofc,  and  will  be  gtea.ter  ia  magnitude  than  the  object  in  the  pro- 
portion of  o  Z  to  o  L. 

If  the  reflector  be  oonyes,  the  object  l  m,  fig.  304.,  will  .have  its 
image  at  tlie  points  I,  m,  wliich  are  th.e  foci  conjugate  to  the  points  at 
LM,  and  those  points  will,  according  to  what  has  been  already  es- 
plainod,  lie  between  the  reflector  and  the  principal  focns  S. 


Fig.  304. 
The  rays  proceeding  from  the  several  points  of  the  object  l  m  will, 
after  reflection,  diverge  as  if  they  had  proceeded  from  tlia  correspond- 
ing points  of  t  m,  and  will  prodnca  upon  the  vision  the  same  effects  as 
if  an  object  had  been  actually  placed  at  /  m. 

The  image  in  this  case,  therefore,  will  be  eiect  an  1  t  will  be  !e?s 
than  the  object  in  the  proportion  of  o  /  to  o  L  In  th  s  mannet  is 
explained  the  effect  familiar  to  every  one,  that  convex  lefle  tors  es 
hibit  a  diminiahed  picture  of  the  objeet  placed  bef  re  fiem 

Al!  the  preceding  observations  on  the  effect  of  sphei  (,al  abenit  on 
and  the  indistinctness  incident  to  the  borders  of  the  image  w  11  be 
ecjually  applicable  in  the  present  case. 

965.  Case  in  which  the  object  is  not  place  I  n  the  axis  of  the  r 
fiector. — In  the  preceding  example,  the  object  1  ai  been  suj-josed  to 
be  placed  so  that  its  centre  coincides  with  the  axi  ot  the  reflect  r 
The  ima^e,  however,  is  determined  on  like  princ  plea  whatevei  othei 
position  it  may  have. 

Thus,  lot  L  M,  jig.  305.,  be  the  object,  A  b  c  be  ^  the  refle  tor 
o  its  centre,  and  ^  its  pnncipal 
focus..  From  the  extremities  of 
the  objeet  draw  lines  L  o  and  M  o 
-  through  the  centre  o  of  tho  re- 
flector to  meet  the  oontinualjon 
of  the  section  of  the  reflector  at 
p  and  Q.  Let  I  be  the  focus  con- 
jugate to  L,  and 

jugate  (o  M,  determined  accord- 
ing to  the  principles  and  formu- 
lae already  established.  Ima; 
■therefore,  of  the  points  l  and  m 
jfjo  3Q5  will  be  formed  at  I  m,  and  images 

of  all  the  intermediate  points  of 
the  object  will  in  like  manner  be  formed  between  I  and  m,  so  that 


± 


\ 


inverted  imngo  of  the  object  will  be  formed  at  I  m. 
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In  like  manner,  if  the  object  be  placed  at  I  m,  ita  imago  will  be 
formed  at  L  M. 

966.  Experimental  verifications.  —  All  the  preceding  regulta  may 
be  Tfirified  experimentallj  by  menns  analogoua  to  those  already  ex- 
jplained.  Thus,  if  thesflame  of  a  candle  be  placed  at  l  m,  jig.  302., 
.outside  the  centre  of  a  concave  reflector,  and  a  small  seiai- transparent 
'screen,  such  as  a  piece  of  ground  glass  or  oiled  paper,  be  held  at  I  m, 
lan  inyerted  image  of  the  candle  will  be  seen  upon  it;  and,  on  the 
other  hand,  if  the  candle  be  placed  at  I  m,  and  the  screen  held  at  L  M, 
I  the  image  will  be  again  seen.  If  any  object,  such  as  one's  hand,  be 
presented  between  the  principal  focus  f  and  a  concave  reflector,  as  at 
L  M,  fg.  303.,  a  magnified  image  of  the  hand  will  be  seen  at  I  m. 

Amusing  optical  deceptions  are  often  exhibited  witb  concave  reflec- 
tors founded  on  this  principle.  Thus,  a  hand  presenting  a  dagger  is 
held  between  o  and  s,fig.  302.,  when  immediately  a  magnified  image 
of  the  hand  and  dagger  is  presented  outwards  at  L  M. 

If  a  candle  be  held  at  I.  Vi,fig.  305.,  opposite  the  upper  edge  of^a 
ooncaTe  reflector,  an  inverted  image  of  the  candle  may  be  eshibited  on 
a  screen  at  /  m,  opposite  the  lower  edge. 

967.  Cylindrical  and  conical  reflectors.  —  A  cylindrical  snrfiica 
is  circnlai  in  one  direction,  and  rectilinear  in  the  other,  these  direc- 
tions being  at  right  angles  to  each  other.  A  sheet  of  paper,  or  a 
plateof  metal  bent  into  the  form  of  a  circle,  will  be  acylindiical  surface. 
It  may  be  polished  either  on  the  concave  or  convex:  side,  thus  pre- 
senting the  varieties  of  a  concave  or  convex  cylindrical  reflector. 

K  a  cjlindrioal  reflector  be  placed  verticaOy  before  an  object,  its 
effects  upon  the  vertical  dimensions  will  be  the  same  as  those  of  a 
plane  reflector,  and  its  effects  upon  the  horizontal  dimensions  the 
same  as  those  of  a  spherical  reflector.  An  image,  therefore,  will  be 
presented,  which  will  be  identical  in  form  with  the  object  in  all  its 
vertical  dimensions,  but  enlarged,  duninished,  or  reversed  in  ita  hori- 
zontal dimensions  in  the  same  manner  as  it  would  be  in  a  spherical 
reflector. 

If  a  cylindrioal  reflector  be  placed  with  its  axis  horizontal  before  a 
vertical  object,  it  will  have  the  same  effect  as  a  plane  reflector  on  the 
horizontal  dimensions,  and  as  a  spherical  reflector  on  the  vertical  di- 


The  horizontal  dimendons,  therefore,  will  be  preserved  in  the 
image,  while  the  vertical  dimensions  will  be  enlarged,  diminished,  or 
reversed,  in  the  same  manner  as  would  be  the  case  with  a  spherical 
reflector. 

A  conical  reflector,  whether  concave  or  convex,  is  circular  in  all 
sections  made  at  right  angles  to  its  axis,  and  rectilinear  in  ail  seotiona 
made  by  planes  tlu-oiigh  its  axis.  It  will  therefore,  if  placed  with  its 
axis  vertical,  have  the  effect  of  an  inclined  plane  reflector  on  the 
vertical  dimensions  of  an  object,  and  will  have  the  effect  of  a  spheri- 
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cal  reflector  on  the  Lorizontal  dimensiona ;  bat  eacb.  horizontal  eectioii 
will  be  differently  magnified  or  diminiiaiied,  according  to  tlie  posiiioa 
of  snoh.  section  with  rrference  to  the  axia  of  the  cone,  dnoe  the  cir- 
cular section  of  the  cone  will  diminish  in  approaching  the  axis,  and 
increase  in  receding  from  it.  An  inflnita  variety  of  amusing  decep- 
tions are  thus  produced. 


FEOM  IMPEKFECTLY   POLIBDED 

968.  .^  perfectly  reflecting  surface  would  be  invisible.  —  If  the 
surface  of  an  opaque  hody  were  perfectly  polished,  and  capable  of 
reflecting  regularly  all  the  light  incident  upon  it,  such  anrltice  would 
itself  be  invisible. 

The  images  of  all  objects  placed  before  it  would  appear  in  the  poa- 
tion  and  with  the  form  and  magnitude  determined  in  the  last  chapter; 
and  an  observer  receiving  the  reflected  light  would  perceive  nothing 
but  Buch  images. 

Thus,  a  piane  reflector  of  that  kind  placed  verlicaJly  against  the 
wall  of  a  room,  would  appeal'  to  the  eye  merely  as  aa  opening  leading 
iato  aaother  room,  preoiselj  similar  and  eimilarly  furnisned  and 
illuminated;  and  an  observer  would  only  be  prevented  from  attempf>- 
ing  to  walk  through  snoh  an  opening  by  encountering  Ms  own  image 
aa  he  would  approach  it. 

969.  JVb  5McA  surfaces  exist. — But  such  a  i-eflector  as  this  has 
no  practical  existence,  for  there  is  no  surface  natural  or  artificial 
possessing  the  power  of  refiectjng  all  the  light  incident  upon  it  regu- 
larly. The  alwenoe  of  complete  polish  is  one  of  the  principal  causes 
of  this. 

970.  .How  the  surfaces  of  reflectors  are  rendered  visible.  —  The 
consequence  is,  that  even  the  most  polished  surftutes  reflect  a  certain 
portion  of  the  hght  incident  upon  them  irregularlyj  that  is  tosay, 
'the  mateiial  points,  the  assemblage  of  which  forma  such  surfaces, 

beenmmg  separately  illuminated  form  so  many  radiant  points,  from 
which  pencils  of  hght  diverge,  and  render  such  surfaces  visible  esaot>- 
ly  in  the  tame  manner,  though  mnoh  more  fidntly  than  is  the  case 
with  anpob'fhetl  surfeces.  The  quantity  of  light  which  is  thus  irregu- 
larly reflected,  and  which  therefore  renders  the  reflecting  surface 
itself  more  or  less  visible,  diminishes  in  the  same  proportion  as  the 
perfection  of  the  polish  of  the  surface  increases-. 

The  most  perfectly  polished  surfaces,  which  serve  as  refieotors,  are 
ceilajn  alloys  of  metal  known  as  speculum  metal.     These  ai'e  used 
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generally  for  the  metallic  specula  of  telescopes,  microaeopesj  aciJ  otlier 
optical  iBstrumenta. 

971.  How  light  incident  on  any  opaque  surface  is  dispossd  of.  — 
Wlieii  light  falls  therefore  on  any  imperfectly  polished  and  opaque 
surface,  it  is  disposed  of  in  three  ways.  1°.  A  part  is  regularly  re- 
flected, and  forms  the  optical  image  of  the  object  from  ■which  it  pro- 
ceeds. 2° .  A  pai-t  is  irr^ularly  reSeoted,  and  render  the  surface  of  the 
reflisotor  perceivable.  3°,  A  part  is  absorbed  by  the  surface,  and,  con- 
sequently, not  reflected.  The  smaller  the  proportion  of  the  light  subject 
to  the  two  last-mentioned  effects,  the  more  perfect  will  be  the  reflector. 

The  quantity  of  light  regularly  reflected  by  a  ^Ten  surface  also 
varies  with  the  angle  of  incidence.  When  the  angle  of  incidence  is 
nothing,  and  consequently  the  light  falls  perpendicularly  on  such  a 
surface,  a  leas  proportion  of  it  is  regularly  reflected,  and  a  greater  pro- 
portion irregularly  reflected  and  absorbed,  than  when  the  angle  of 
incidence  has  some  Inaguitude :  and,  consequently,  the  light  falls 
more  or  less  obliquely ;  and  in  general,  as  the  angle  of  incidence  in- 
creases, the  quantity  of  light  reflected  regularly  is  augmented,  and, 
consequently,  the  quantities  reflected  irregularly  and  absorbed  are 
diminished. 

The  following  is  given  by  Bougner  as  the  propoftion  of  the  light 
regularly  reflected  from  different  reflecting  surfaces,  al^4iffe^ent  angle;' 
of  incidence : — 

672.  Table  shmoing  the  proportion  of  light  incident  on  refiecting 
surfaces  which  are  regularly  reflected  at  different^  angles  of  inci- 
dence. 


Bpudca  of  refloetinE  Surfara. 

Augk  of  Ind- 

Number  of 
Iwlaeot. 

"irSr 

No   of  Eoj-i 

89"  30' 
75"  0' 
■     60° 
80°  to  0' 

1    75" 

[   SO^toO" 
r   80°  46' 
1    75° 
i    60= 

L  30°  to  0° 

|-    Great     1 
J     angles. 
1     Small     J 

L  angles.    \ 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

"  1 

211 

t,r 

IS 
543 
300 
112 

15 
600 
150 

51 

23 
700 
600 

<b2 
4-.7 
700 
8S8 
075 
400 
844 
949 
977 
800 
400 

Black  marble  poHslied 
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la  the  preceding  table,  the  light  is  understood  to  pass  from  air  to 
the  several  media  indicated  in  the  first  oolumn.  The  law  bj  wliich 
the  quantity  of  light  regularly  reflected  varies  according  to  the  density 
or  other  physical  qualities  of  the  media,  has  not  been  ascertmned. 

It  is  howeyer  certain,  that  it  depends  upon  the  qualities  of  the 
mediura  from  which  the  light  passes,  as  well  as  those  of  the  medium 
into  which  it  paas^. 

973.  Effect  of  angle  of  incidence  on  the  quantity  of  light  regu- 
larly reflected. — The  angle  of  inoiclence  has  oflcn  bo  much  effect 
upon  the  quantity  of  light  regularly  reflected,  that  it  will  sometimes 
happen  that  a  surface  which  reflecta  no  hght  regularly  when  the 
angle  of  incidence  is  nothing,  reflects  a  considerable  quantity  when 
such  angle  has  much  magnitude.  Thus,  a  surface  of  unpolished  glass 
produces  no  image  of  an  object  by  reflection  when_the-rays--f^-o»-it 
nearly  perpendicularly ;  but  if  the  flame  of  a  candle  be  held  in  such 
a  position  that  the  rays  fell  upon  the  surface  at  a  very  small  angle,  a 
distinct  image  of  it  wOl  be  seen.  Similar  phenomena  will  be  observed 
with  surfiices  of  wood,  of  common  woven  stuff,  and  of  paper  blackened 
by  smoke. 

974.  How  light  incident  on  the  surface  of  a  transparent  body  is 
disposed  of.  —  When  light  is  incident  upon  the  surface  of  a  transpa- 
rent body,  such  as  glass  or  water,  it  is  disposed  of  as  follows :  —  1°. 
A  part  is  regularly  reflected,  and  produces  an  optical  image  of  the 
object  from  which  the  light  proceeds.  2°.  A  part  is  irregularly  le- 
fleeted,  and  renders  the  surface  viable.  3°.  A  part  is  absorbed,  and, 
consequently,  neither  reflected  nor  transmitted.  4°.  A  part  is  trans- 
mitted through  the  transparent  medium. 

If  light  be  incident  upon  the  surface  of  a  transparent  medium 
bounded  by  parallel  surfaces,  such  as  a  flat  plats  of  glass,  all  the  cir- 
cumstances above  mentioned  will  take  place  both  at  its  entrance  at  the 
one  surface  and  its  escape  from  the  other.  Light  will  be  reflected 
regularly  and  irregularly  at  both  surfaces;  light  will  be  absorbed  &t 
both,  and  light  will  be  transmitted  from  both.  The  quantity  of  light, 
therefore,  transmitted  in  such  a  case  from  the  second  surface  will  be 
loss  than  the  quantity  of  light  incident  upon  the  first  surface  by  the 
sum  of  all  the  light  regularly  and  irregulaily  reflected  from  the  first 
surface,  and  all  the  light  regularly  and  irregularly  reflected  from  the 
second  surface,  and  aU  the  light  absorbed  at  both  surfaces  in  its  transit 
through  the  medium. 

975.  Hoto  light  is  affected  in  passing  through  the  atmosplier 
Even  when  the  transparent  medium  consists  of  the  si 


ts  take  place  if  the  substance  composi 
The  successive  strata  of  the  atmosphere  present 
It  has  been  already  explained  that  in  ascend' 
the  succeeding  strata  of  air  gradually  diminish 
"ore,  of  the  sun  and  other  celestial  bodies 
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ing  it  varies  in  density. 

.ample  of  this. 

the  atmosphere 
n  density.  The  light, 
■  I  passing  through  the 
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atmosphere  is  transmitted  tlirougli  a  succession  of  strata  of  inorea^ag 
density,  and  is  subject  consequently  to  all  the  effects  just  esplmnedi 
Eight  is  gradually  absorbed  and  reflected  by  tlie  successive  strata  of 
air  through  which  it  passes,  and  consequently  the  direct  solar  light 
which  arrives  at  the  surface  of  the  earth  is  l^s  in  quantity  consider- 
ably than  the  light  ori^nally  incident  upon  the  superior  surface  of  the 
atmosphere.  A  portion,  however,  of  the  light  irregularly  reflected 
from  the  successive  strata  of  the  atmosphere  arrives  at  the  earth  from 
these  strata,  aa  has  been  already  explained,  in  the  same  manner  as 
light  is  received  from  the  surface  of  any  opaque  illuminated  body. 
A  portion,  however,  of  the  light  which  enters  the  air  is  absolutely 
absorbed  by  it,  and,  aa  has  been,  already  stated,  a  certMn  depth  might 
be  assigned  to  the  atmcaphere,  which  would  completely  intercept  the 
solar  light.  It  is  calculated  that  seven  feet  thictness  of  water  is  suf- 
ficient to  intercept  one-half  of  the  light  transmitted  through  it. 

976.  Blackened  glass  refieclors.  —  A  reflecting  surface  convenient 
for  certain  optical  purposes  is  produced  by  blackening  one  side  of  a 
plate  of  glass.  By  this  means  the  light  transmitted  through  the 
plate  is  absorbed  by  the  blackened  surface  on  the  other  side,  and  Hght 
is  prevented  frora  being  transmitted  from  the  opposite  side  by  the 
opaque  coating ;  consequently,  the  only  light  regularly  reflected  in  this 
case  will  be  that  which  is  r^eotcd  from  the  superior  surface. 

977.  Effect  of  a  common  looking-glass  explained.  —  The  effects 
of  a  common  looking-glass  are  produced  by  the  reflection  of  the  me- 
tallic sur£tcQ  attached  to  the  hack  of  the  glass,  and  not  by  the  glass 
itself.  The  effect  may  be  explained  as  follows  :  —  A  portion  of  the 
Eght  incident  upon  the  anterior  surface  is  regularly  reflected,  and  an- 
other portion  irregularly.  The  former  produces  an  image  of  the  ob- 
ject placed  before  the  glass  visible  in  it ;  the  other  renders  the  surface 
of  the  glass  itself  visible.  Another  and  much  greater  portion,  how- 
ever, of  the  light  incident  upon  the  anterior  suriace  penetrates  the 
plate,  and  arrives  at  the  posterior  surface.  This  surface,  coated  with 
an  amalgam  produced  by  the  combination  of  tinfoil  and  quicksilver, 
has  an  intense  metallic  lustre,  and  possesses  therefore  strong  reflecting 
power.  The  chief  part  of  the  light,  therefore,  which  passes  through 
the  plate  of  glass  is  regularly  reflected  by  this  metallic  suriace,  and 
returning  to  the  eye,  produces  a  strong  image  of  the  objects  placed 
before  the  glass.  There  are,  therefore,  strictly  speaking,  two  such 
images  formed :  first,  a  faint  one  by  the  light  reflected  regularly  from 
the  anterior  surface ;  and,  secondly,  a  vivid  one  by  the  light  reflected 
regularly  from  the  metallic  surface.  One  of  these  images  will  he  be- 
fore the  other,  at  a  distance  equal  to  twice  the  thickness  of  the  glass. 

In  good  mirrors  which  are  well  silvered,  the  superior  brilliancy  of 
the  image  produced  by  the  metallic  surface  will  render  the  faint  image 
produced  by  the  anterior  surface  of  the  glass  invisible ;  but  in  glasses 
badly  silvered,  the  two  images  may  be  easily  seen. 
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978.  Refraction  of  light  explatned  — Whea  a  ray  of  light,  after 
passing  througii  a  transparent  medium,  enters  another  of  a  different 
density,  or  possessing  other  physical  properties,  it  wiU  change  its  di- 
rection at  the  point  which  separates  the  two  media,  and  consequently 
the  direction  it  follows  in  the  second  medium  will  foi-m  a  certain  angle 
with  that  which  it  has  followed  in  the  first  medium.  The  ray  is 
as  it  were  broken  at  the  common  surface  of  the  two  media,  which  haa 
caused  this  plienomeno»  to  be  called  refraction. 

Let  AB,  Jig.  30S.,  be  the  surface  which  separates  the  two  media. 
Iiet  I  he  the  point  at  which  a  ray 
E  r  is  incident,  and  lot  i  b  he  the 
courae  which  this  ray  takes  after  en- 
tering the  second  medium.  Let 
N I N'  be  a  perpendicular  to  the  sur- 

?    face  A  B,  drawn  through  the  point 

of  incidence  r.  A  B  is  called  tiio 
refracting  surface,  bin  is  called 
the  angle  of  incidence,  and  kin'  is 
called  the  artgle  of  refraction. 
979.  Law  of  re/racijon.  —  The 
Fig-  306.  following  law  of  refraction  has  been 

established  by  experiment :  — 
I.  The  angles  of  refraction  and  incidence  are  in  the  same  plane 
perpendicular  to  the  refracting  surface. 

IL  The  sine  of  the  angle  of  incidence  has  to  the  sine  of  the  angle 
of  refraction  always  the  same  ratio  for  the  same  medium. 

It  will  appear  hereafter  that,  under  certain  circumstances,  a  single 
ray  of  light  entering  a  refracting  medium  will  be  divided  into  several, 
which  follow  different  directions ;  but  for  the  present  we  shall  limit 
our  observations  to  such  light  only  as  after  refraction  follows  a  single 
direction.     To  such  light  the  above  law  is  sfiictly  applicable. 

To  explain  the  preceding  Jaw  more  folly,  and  to  indicate  the  man- 
ner of  verifying  it  by  experiment,  let  A  M  B  be  a  piece  of  glass,  hav- 
ing the  form  of  a  semi-cylinder,  as  represented  in  fg.  307.  Let  0 
be  the  eenti-e,  and  A  B  the  diameter  of  the  semi  cylinder  Let  tie 
semicircle  A  0  b  he  imagined  to  be  driwn  on  a  vertical  card,  so  as 
to  complete  the  circle.  Let  o  C  m  l)e  the  diameter  perpendicular  to 
A  B,  and  let  the  surface  A  B  be  covered  with  an  opaque  card,  with  a 
small  hole  to  admit  light  at  0. 

If  the  flame  of  a  candle,  or  any  other  bi!ght  object,  he  held  at  0, 
it  will  be  visible  to  an  eve  placed  at  m      It  folIow'^,  therefore,  that  a 
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ray  of  light  striding  tLe  refracting  surface  in  a  direofion  perpendicular 
to  it,  such  as  0  C,  will  suffer  no  change  of  direction  after  it  enters  it, 
but  will  proceed  in  the  same  straight  line  o  M  as  it  would  have  done 
if  it  had  passed  through  no  refracting  mei^ium.  Let  the  luminous 
point  be  now  transferred  to  f,  and  let  the  line  i  n  he  drawn  perpen- 
dicular to  c  o.  This  line  i  n  is  the  aae  of  fie  angle  of  incidence 
ICO.  Let  the  eje  be  now  moved  along  the  arc  M  A  from  M  towards 
A,  until  it  see  the  luminous  point  I. 

Let  R  be  the  place  at  which  the  luminous  point  thus  becomes 
visible,  0  R  will  then  be  the  direction  of  the  refracted  ray.  Draw 
R  p  perpendicular  to  C  M.  This  line  E  p  will  he  the  sine  of  the  angle 
of  refraction  R  c  M. 

Now  if  I N  and  k  P  be  respectively  measured,  it  will  be  found  that 
R  p  is  exactly  two-thirds  of  i  n.  Therefore,  in  this  case,  the  sine  of 
the  angle  of  incidence  will  be  to  the  sine  of  the  angle  of  refraction  as 
3  to  2,  that  is  to  say,  we  shall  have 


Let  the  luminous  point  be  now  moved  to  l',  and  let  the  eye  he 
moved  towards  a  until  it  see  it.  Let  e'  he  the  point  at  whicb  it  be- 
comes visible ;  c  a'  will  then  he  the  refracted  ray,  i'  c  being  the  in- 
cident ray. 

Draw  i'n' pei-pendicular  to  co,  and  r' p'  perpendicular  to  Om; 
i'  n'  will  then  be  the  sine  of  the  angle  of  incidence,  and  R'  p'  will  be 
the  sine  of  the  angle  of  refraction.     If  these  two  liaes  be  respeeti'velj 
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measured,  it  will  lie  found  tliiit  e,'  p'  will  be  two-tliirds  of  i'  ;i' ;  so 
that  we  shall  have,  as  before, 

I' »'  _  3 

b7p'~2' 

Iti  the  same  manner,  if  the  luminous  point  he  moved  to  any  other 
point,  such  aa  i",  and  the  eye  he  moved  towards  A  until  it  see  it,  the 
lines  i"  0  and  0  r"  will  be  the  incident  and  refracted  rays,  i"  n"  and 
r"  p'  '  will  be  aines  of  the  angles  of  incidence  and  refraction  respeofive- 
ly ;  and  we  shall  find,  as  before,  by  measurement,  that 


Thus,  in  general,  in  whatever  manner  tie  position  of  the  luminous 
point  may  be  viewed,  it  will  always  be  found  that  the  sine  of  the 
angle  of  incidence  will  be  to  the  sine  of  the  angle  of  refraction  as  3 
to  2,  that  is  to  say,  in  one  constant  ratio. 

In  this  case,  the  incident  ray  is  supposed  to  pass  through  idr,  and 
the  refracted  ray  through  glass.  If  the  semi-cylinder  A  M  B,  instead 
of  glass,  be  water,  then  the  ratio  of  the  sine  of  the  angle  of  incidence 
to  the  sine  of  the  angle  of  refraction  will  be  4  to  3,  so  that  we  shall 
have 


I"  li"  _  4 
B,"p"  ~  3' 
and  so  on. 

Thus  each  transparent  medium  has  its  own  particular  refracting 
power,  but  for  the  same  transparent  mediam  the  ratio  of  the  sines  of 
the  angles  of  inoidenoe  and  refraction  is  always  the  same. 

980.  Iiidex  of  refraction.  —  The  number  which  thus  expresses 
the  ratio  of  the  sine  of  the  angle  of  incidence  to  the  sine  of  the  angle 
of  refraction,  and  which  in  the  caie  of  lir  and  gbss  is  f  or  1-5,  and 
in  the  case  of  air  and  water  is  |  or  1  333,  is  called  the  index  of 
refraction. 

From  ^w hat  has  been  stated,  it  is  evident  that  each  tiansparent 
medium  will  have  its  own  index  of  refraction,  whiih  constitutes  one 
of  its  most  important  physical  properties 

581,  Case  of  light  -passing  from  denser  into  rarer  mediwa  — 

If  the  luminous  point,  insteid  of  being  moved  along  the  iic  0  B,  be 

moved  along  the  arc  ma,  and  the  eye  be  tranittiied  to  the  arc 

OB,  then  the  incident  ray  will  pass  thiough  the  densei  mefeiaaiWill 
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the  rBfvactod  raj  tbrougli  tlie  rarer  meditim.  In  this  oase  it  will  ba 
found  that  the  direction  of  the  inddeut  and  refracted  rays,  described 
in  the  former  caso,  will  he  interolianged.  ThuSj  if  the  luniinona 
point  he  applied  at  m,  it  will  be  Tieible  at  o,  showing  that  a  ray  of 
liglit  incideat  perpendienlai-ly  oa  the  surface  of  a  rarer  medinm,  will 
suffer  BO  change  ia  its  direotion.  If  the  luminous  point  be  placed  at 
R,  it  will  be  vidble  at  i,  showing  that  if  R  c  be  tbe  incident  ray,  0  I 
will  be  the  refracted  ray;  and  in  the  same  manner,  if  the  luminous 
point  be  placed  at  r'  and  a",  it  will  be  Tisible  at  i'  and  f. 

982.  Directions  of  incident  and  refracled  rays  tnUrchangeahle. 
—  Hence  it  followH,  that  if  a  ray  of  light  pacing  from  one  trans- 
parent medium  into  another  transparent  medium  be  relracted  in  a 
particular  direction,  a  ray  of  light  passing  from  the  latter  into  the 
former  in  the  direction  ia  which  it  was  refracted,  will,  after  entering 
the  former,  follow  the  direction  in  wbicb  the  former  ray  was  incident; 
or  in  general  it  may  be  stated  that  the  direction  of  the  incident  and 
refracted  rays  pasang  between  the  media  are  interchangeable. 

983,  Indices  of  refraction  betvieen  two  media  in  contrary  direc- 
tions reciprocals.  — It  follows  from  this  that  the  indices  of  refraction 
between  tlie  media  are  recipocals;  that  ia  to  say,  if  the  index  of 
refraction  from  lur  into  glass  be  |,  the  index  of  refraction  from  glass 
into  air  will  be  |;  the  latter  number  being  what  is  called  ia  arithme- 
tic the  reciprocal  of  the  former.  In  the  same  manner,  the  index  of 
refraction  from  air  into  water  being  |,  the  iudes  of  refraction  frora 
water  into  air  will  be  |.  i 

It  appears  in  the  two  cases  which  have  been  stated  of  water  and 
glass,  that  when  a  ray  passes  from  air  into  either  of  tliese  media  it 
will  be  bent  towards  &s  perpendionlar ;  and  that,  on  the  other  hand, 
when  it  passes  out  of  eiUaer  of  these  media  into  air,  it  will  be  bent 
from  the  perpendicular.  This  will  be  evident  by  refisrence  to  Jig.  307. 
The  rays  I  c,  i'  0,  i"  0  entering  water  or  glass  are  bent  in  the  direc- 
tions 0  E,  0  R',  C  r"  tauiards  the  perpendicular  c  M ;  and,  on  the  other 
hand,  the  rays  R  c,  R'  c,  a"  c,  pa^ug  from  glass  or  water  into  air, 
are  bent  in  the  directions  C  I,  0  i',  0 1"  from  the  perpendicular  c  0, 

9H4  R  lys  not  always  hent  toieard  perpendicular  m  entering  a 
d  nur  medium  — Thi'!  lesnlt  bemg  too  hastily  geneialized  la  some 
f  es  announced  as  follows  — When  a  ray  of  light  passes  from  a 
larei  into  i  deniei  medium  it  is  1  ent  t  waids  the  perpendicular  and 
from  a  denser  into  a  rarer  from  the  perpendicular  which  is  by  no 
means  generally  true 

Such  a  pr  position  K  based  upon  the  supposition  that  the  refract- 
ng  power  always  increases  with  the  density  whereas  numer  us  in 
tinces  will  be  produced  m  which  media  of  greater  density  have  a 
le=s  refnct  ng  power 

■^85    7m  lex  of  refraction  mere    es  ui  h  tie  ref  aclmg  power  — 
The  refraciiiig  power  is  estimated  by  the  index  of  refraction,  one 
C.53d:>olc 
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meiJiam  being  said  to  have  a  greater  oi 

ing  as  ita  index  of  refraction  is  greater 

Thus,  glass  is  said  to  have  a  greater  refracting  power  thaa  water, 

because  ita  index  of  refraction  Seing  1'50,  is  greater  than  the  index 

of  refraction  of  water,  which  is  1'33. 

The  propriety  of  this  test  of  the  refracting  power  will  he  easily 
understood.  If  the  index  of  refraetion  of  one  medium  be  greater 
than  that  of  another,  the  angle  of  refraction  which  corresponds  to  a 
given  angle  of  incidence  will  be  smaller  in  the  former  than  in  the 
latter;  and  consequently,  the  same  incident  ray  would  be  bent  more 
out  of  its  course  in  the  one  ease  than  in  the  other,  that  ia  to  say,  it 
would  he  more  refracted. 

986.  Bat  not  in  proportion  to  i(. — Although,  however,  the  refraot- 
ing  power  of  a  transparent  medium  increases  with  every  increase  of 
its  index  of  refraction,  this  power  does  not  increase  in  proportion  to 
such  index,  but  in  proportion  to  a  number  found  by  subtracting  1 
from  the  square  of  (he  index.  Thus,  in  the  ease  of  glass,  where  the 
index  of  refraction  is  f ,  its  square  is  f ,  from  which  1  being  subtraetod 
leaves  f,  which  represents  the  refracting  power.  In  the  same  man- 
ner, the  index  of  water  being  J,  its  square  is  y ,  from  which  1  being 
subtracted  leaves  I,  whiei  represents  the  refrufing  powei  of  watei , 
or,  in  geaeral,  if  n  be  the  index,  n' — 1  will  repiesent  the  lefractmg 
power. 

The  principle  upon  which  this  number  n" —  1  is  shown  to  be  pro 
portional  to  the  refracting  power,  does  not  admit  of  an  explanation 
sufficiently  elementary  for  this  work.  We  must  thetefoie  adopt  it  as 
a  datum  without  demonstration, 

In  the  following  table  are  given  the  indices  of  lefiiction  of  those 
transparent  substances  which  are  of  most  usual  occurrence 

987.    Table  of  the  indices  of  refraction  for  Itghl  pas:,trtg  fi  om  a 

SOLIDS  AHD  LIQUIDS 

Chiomate  ot  lea-i  (mn-iimam)  2  174 

(mmimum)  2  500 

bulyhm   natiYB  J.  115 

(.iibonateof  lead  (r  -    '  

Ftlipoi  (Spmalli) 
f  hi  1  BOlieryl 
Nitrate  of  lead 
(.arbonate  of  stionlia  (i 
(t 
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Cnloaiaoug  spar  f ordinary  refraction) l-65i 

"  (estvaordinary  refraotiou) l-i83 

Sulphate  of  barjtft , 1-647 

"  (ordinary  refraction) 1-620 

''  (aitraordinaiy  refiaotion) 1-635 

Coloarless  topai 1-610 

Topoa  of  Brazil  (eitraordinary  refra^lion) 1-640 

"  (ordinary  refraoljon) 1-683 

Anhjdrito  (eitlOordinarj  refl-aoUon) 1-622 

"         (ordinary  rafraotJon) 1-677 

Euolase  (estra ordinary  refraction) 1-663 

"       {ordiumy  retiaction) 1-648 

Flint-glass  (maiimum) I-SOB 

(minimum) 1-576 

Quart!  (ordionry  refi-aotioa) 1-548 

"      (ejliaordinoiy  refraolaon) 1-558 

Crown-glaes  fmaiimum) 1-584 

"  (minimum) 1-525 

Sulphate  of  lime 1-525 

Saltpetre  (nitrate  of  potassft)  (iBasimum) 1-514 

"  (minimnm) 1-885 

Sulphate  ofpotossa. 1-509 

1-495 

Sulphate  of  ammonia  aod  magnesia 1-433 

Carbonite  of  potaasa 1-482 

Spevmacelit  melted 1-446 

Albnmon 1-360 

EUier 1-858 

Aqueous  humonr  of  eye 1-887 

Vitreoua  do.' 1-389 

Estfimal  coating  of  the  oryBtalline 1-377 

Middle  coating  do 1-879 

Centi-al  coating  do 1-899 

Entire  oryatalline 1-384 

Water 1-886 

Ice 1-310 

Vaeunm 1-000 

GASES. 

Atmospheric  air 1-000,294 

Oxygen 1-000,372 

ilydi-ogen 1-000,138 

Nitrogen 1-000,800 

Ammonia 1-000,385 

Carliouic  acid 1-000,449 

Chlorine 1-000,772 

Hydrochloric  acid 1-000,440 

Nitrous  oiide 1-000,503 

Nitrous  gas 1-000,808 

Carbonic  oxide 1-000,340 

Cyanogen 1-000,834 

OlefloEt  gas 1-000,678 

Light  oarburetted  hydrogen 1000, 443 

Muriatio  athar  (vapour) 1-001,096 

Hydrooyanio  acid 1-000,461 
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CMoro-cavbnnic  aeid  (phosgeae  gaa) 1  ■001,159 

Sulphurous  acid 1-000,065 

Sulphuretted  hydrogen 1000,644 

Sulpiimio  eliier  (Tftpour)  1-001,530 

Vapour  of  sulphuret  of  carbon  1-001,600 

Protoplospliui-et  of  hydrogen  1000,789 

988.  Mow  lofind  tJte  tnder  of  ibfractmn  frum  one  medium  to  an- 
other. — The  indices  of  letiiction  gi\eii  in  the  preceding  table  relate 
to  rays  of  light  passmg  from,  a  vacuum  into  the  seyeral  madia  iiidi- 
catsd.  If  it  be  required  to  find  the  index  of  reiiaotion  for  a  ray 
passing  from  one  medium  to  annthei,  it  is  only  necessary  to  divide 
the  index  of  the  medmm  into  which  the  ray  is  supposed  to  pass  by 
the  index  of  the  medium  from  which  it  passes,  and  the  quotient  will 
be  the  required  index.  Thus,  if  it  be  desired  f*  determine  the  index 
of  refraction  for  a  ray  passing  from  atmospheric  air  into  any  medium 
indicated  in  the  table,  it  will  be  only  necessary  to  divide  the  index  of 
the  medium  whose  relative  index  is  tecjuired  by  1'000,294,  the  isdez 
of  refraction  of  atmospheric  mt 

989.   Course  of  a  ray  pass       tJ        h  cession  of  media  with 

parallel  surfaces.  —  It  follow  f  m  th  th  t  if  a  ray  pass  from  any 
medium  successively  through  It       ]  ir  at  media  with  parallel 

surfaces,  its  course  in  the  last    f  th  will  he  the  same  as  It 

would  be  if  it  had  been  incid  nt  d  tly  n  the  surface  of  the  last 
without  having  passed  through  th  p  1  g  media.  This  Js  easily 
proved  :  for  let  i  be  the  angl  f  d  upon  the  surface  of  the 
first  medium,  and  E  the  angl  f  f  ict  n  This  angle  R  will  he 
the  angle  of  incidence  on  the  1ml    m  in  which  the  angle  of 

refraction  is  r'.  This  angle  f  fra  t  a  w  II  be  the  angle  of  inci- 
dence on  the  surface  of  the  third  medium,  in  which  the  angle  of  re- 
fraction is  a". 

If  n  be  the  index  of  refraction  of  the  original  medium  through 
which  the  ray  passes,  and  it",  w",  and  n"'  be  the  indices  of  refraction 
of  the  three  successive  media  by  which  it  is  refracted,  then  tho  index 

of  refraction  from  the  orisinal  medium  into  the  first  will  be  —  and 

°  M 

consequently  we  shall  have 


Ey  multiplying  all  these  together  we  shall  have 
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wtioh  ia  the  index  of  refractioa  from  the  original  medium  tlirougli 
whicli  tlie  ray  passed  to  the  last  medium  by  wbict  it  liaa  been  re- 
fracted. The  angle  of  refraction,  therefore,  r",  in  this  latter  medium, 
would  he  the  same  if  the  original  ray  had  been  dii-ectly  incident  upon 
it  with  the  same  angle  of  incidence. 

990.  A  ray  having  passed  through  several  parallel  surfaces, 
emerges  parallel  to  Us  incidence.  —  It  follows  from  this,  that  if  a, 
ray  of  light,  after  passing  through  several  successive  media  separated 
hy  parallel  surfaces,  pass  finally  into  the  medium  from  which  it  was 
ori^nallj  incident,  it  will  issue  in  a  direction  parallel  to  the  cinginal 
ray.  Thus,  in  the  preceding  example,  if  the  original  ray  of  light, 
after  passing  anecessively  through  the  three  media,  issue  again  into 
the  medium  through  which  it  originally  passed,  its  direction  will  he 
parallel  to  its  original  direction ;  for,  according  to  what  has  beea 
already  proved,  its  course,  after  passing  througii  the  three  media  and 
not  the  fourth,  will  be  the  same  as  if  it  passed  directly  from  the  first 
medium  into  the  fourth;  hut  in  this  case  the  fiist  medium  being  the 
same  as  the  fourth,  the  lay  would  not  he  deflected  from  its  course. 
It  must  therefore,  after  passing  through  the  parallel  media,  preserve 
its  original  direction , 

991.  Wk^  objects  are  distinctly  seen  tUroitgh  window  glass.  — It 
is  for  this  reason  that  plat«s  of  glass  with  parallel  surfaces,  sueh  as 
window  glass,  produce  no  distortion  in  the  objects  seen  through  them ; 
the  rays  from  such  objects,  after  pasang  through  the  glass,  preserve 
their  original  direction. 

992.  Theangleof  refraction  in  passing  from  a  rarer  into  a  denser 
7nedium  has  a  limit  of  magnitude  which  it  cannot  exceed.  — The  law 
of  refraction  which  has  been  just  explained  and  illustrated  is  attended 
with  some  remarkable  consequences  in  the  transmission  of  light  through 
media  of  different  refracting  powers. 

Let  A.B,Jig,  308.,  represent,  as  before,  the  surface  which  separates 
a  medium  of  air  A  0  B  from  a  medium  of  glass  A  M  b.  According  to 
what  has  been  already  explained,  any  incident  ray,  such  as  i  c,  will 
be  deflected  towards  the  perpendicular  C  M,  so  that  its  angle  of  re- 
fraction shall  have  a  sine  equal  to  two-thirds  of  that  of  its  angle  of 
incidence.  Now,  let  na  suppose  the  angle  of  incidence  gradually  to 
increase,  so  as  to  approach  to  a  right  angle.  It  is  evident  that  the 
sine  of  the  angle  of  incidence  i  n  will  also  gradually  increase  until  it 
approach  to  equality  with  the  radius  o  B.  This  will  be  evident  on  in- 
specting the  diagram,  in  which  i'  m',  i"  n",  i"'  h'",  &e.  are  the  sines  of 
tie  successive  angles  of  incidence;  and  if  we  suppose  the  direction  of 
the  incident  ray  to  approximate  as  closely  as  possible  to  that  of  the 
line  B  c,  the  sine  of  the  angle  of  incidence  will  approach  as  'close  as 
possible  to  the  magnitude  of  B  c. 

Now,  let  us  consider  what  corresponding  change  the  angles  of  re- 
fraction will  sufi'er.    Theii  dues  will  be  respectively,  in  the  ease  of 
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glass  here  supposed,  two-thirds  of  tie  sioes  of  the  angles  of  incidence  ; 
thus  the  sine  R  P  of  the  angle  of  refraction  coiTespondJng  to  i  c  will 
fee  two-thirds  of  in;  the  ane  r'  p"  of  the  angle  of  refraction  cor- 
responding to  i'  0  will  he  two-thirds  of  f  n'  ;  the  sine  a"  p"  of  the 
angle  of  refraction  corresponding  to  l"  0  will  be  two-thirda  of  i"  b"  ; 
and  so  on.  When  the  incident  ray  approaches  to  coincidence  with 
B  c,  thfl  sine  of  the  angle  of  incidence  will  approach  to  equality  with 
n  0,  and  consequently  the  sine  of  the  angle  of  refraction  will  be  equal 
to  two-thirds  of  b  o.  If,  therefore,  it  were  poaable  that  a  ray  passing 
directly  from  E  to  0  could  enter  the  glass  at  c,  such  ray  would  have 
an  angle  of  refraction  whose  sine  would  be  two-thirds  of  the  radius 
B  o.  Now,  if  we  draw  o  r""  to  such  a  point  that  the  sine  of  the 
angle  of  refraction  r""  p""  shall  be  two-thirds  of  the  radius  b  d,  it 
is  evident  that  all  the  incident  rays  whose  directions  lie  between  0  0 
and  B  0  will  be  refracted  in  directions  lying  between  c  r""  and  0  M. 

In  like  manner  it  may  be  shown,  that  all  incident  rays  whose  direc- 
tions lie  between  0  0  and  A  o  will  be  also  included  after  refraction  be- 
tween the  lines  CM  and  or"",  corresponding  in  position  to  Oe"''. 

Thus  it  appears  that  rays  of  light  converging  from  all  directions 
to  the  point  0,  will  be  after  ^fraction  included  within  a  cone  whose 
aagle  is  e""  cr"". 

Hence  follows  the  remarkable  consequence,  that  light  entering  the 
glass  at  c,  from  whatever  direction  it  may  proceed,  wiU  be  totally  os- 
cliided  from  the  space  A  0  r""  and  B  C  r"",  all  such  light  being  in- 
eluded,  as  has  been  observed,  within  the  cone  whose  angle  is  r""  c/"'. 

993.  Experimental  verification  of  this.  —  This  may  be  verified 
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cxperimeatally  in  the  following  manner.     Let  an  opaque  cohering 
lie  placed  on  the  aurfaoe  ab,  a  small  circular  aperture  being  left  un- 

Jjct  a  light  be  moved  round  the  semieirele  boa.  This  light  will 
enter  the  aperture  C,  and  will  successively  illuminate  the  points  of  the 
9X0  r""  Mr"". 

Commencing  from  B,  it  will  produce  an  illuminated  spot  near  r""  ; 
as  it  is  moved  auooessively  from  b  to  o,  it  will  illuminate  the  points 
succesaively  from  a""  to  m;  and  as  it  ia  moved  successively  from 
0  to  A,  it  will  illuminate  successively  the  points  from  M  to  r"". 

In  the  same  manner  it  will  he  found,  that  if  the  luminous  point  he 
placed  at  a"",  it-s  light,  after  passing  from  the  point  c,  will  fall  near 
B,  taking  the  direction  c  b.  If  the  light  be  moved  successively  over 
the  parts  of  the  arc  r'"'  m,  it  will  Buecessively  illuminate  the  points 
of  the  arc  fi-om  b  to  o;  and  being  moved  in  like  manner  fromM  toe"", 
it  will  suoeeaaively  illuminate  the  points  of  the  arc  from  0  to  A. 

994.  !J7ie  angle  of  incidence  at  which  refraction  can  lake  place 
fromadenser  to  ararer  medittm,has  alimit  which  corresponds  to  that 
of  the  angle  of  refraction  ia  the  contrary  direction. — Now  a  ques- 
tion arises  as  to  what  will  happen  if  the  light  he  placed  between  k"" 
and  a;  for  since,  being  at  a"",  the  sine  of  the  angle  of  incidence 
a'"'  p"",  is  two-thirds  of  cb,  this  sine  will  be  more  than  two-thirds 
of  OB  if  the  luminous  point  he  placed  betweea  R""  and  A;  and  con- 
sequently it  would  follow,  hy  the  law  of  refraction,  that  the  sine 
of  the  corresponding  angle  of  refraction  must  be  greater  than  the 
radius  b  o. 

But  since  no  angle  can  have  a  sine  greater  than  the  radius,  it  would 
follow  that  there  can  he  no  angle  of  refraction,  and  consequently  that 
there  can  be  no  refraction,  for  a  ray  which  shall  make  with  the  re- 
fracting surface  at  0  a  greater  angle  of  incidence  than  a""  c  M.  What 
theQ,  it  will  be  asked,  becomes  of  such  a  ray,  as,  for  example,  the  ray 
t  0,  making  an  angle  of  incidence  !■  0  M,  whose  sine  l  Q  is  greater 
tlian  two-thirds  of  the  radius  C  B  ? 

995.  Total  reflection  lakes  place  at  and  beyond  this  limit.  — The 
answer  is,  that  such  a  ray  being  incapable  of  refraction  at  c  wil!  be 
reflected,  and  that  such  reflection  will  follow  the  common  law  of  regu- 
lar reflection,  so  that  tie  ray  1. 0  will  be  reflected  in  the  direction 
0  l',  making  the  angle  of  reflection  L'  0  M  equal  to  the  angle  of  inci- 
dence L  0  M. 

Thus  it  follows,  that  all  rays  which  meet  the  point  0,  in  any  direc- 
tion included  between  a""  0  and  a  c,  will  he  reflected  from  o  in  cor- 
responding directions  between  t""  o  and  b  c,  according  to  the  common 
laws  of  reflection. 

This  may  be  verified  by  observation ;  for  if  the  flame  of  a  candle 
be  moved  from  a""  to  a,  it  will  he  seen  in  corresponding  positions  hy 
an  eye  moved  in  the  same  way  from  r""  to  b,  and  it  will  be  seen  widi 
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a  splendour  of  reflection  fai-  exceediag  tli[it  produced  by  any  atti£oialIy 
polished  surface . 

996.  Angle  of  total  refiectwn,  deUrmines  the  limit  of  possible 
transmission.  —  Hence  it  ia  tliat  this -apeoiea  of  refieotion  has  beou 
called  total  reflection.  The  angle  r""  0  M,  which  limits  the  direction  of 
the  raya  capable  of  being  transmitted  from  o  into  the  superior  medium, 
and  of  being  reflected,  is  called  the  limit  of  possible  transmission. 

The  rajs  O  e""  and  0  r""  separate  the  rays  which  are  capable  of  re- 
fraction at  0,  from  those  which  are  reflected  at  0. 

Ab  in  the  case  of  glass,  the  limit  of  pos^ble  transmission  is  one 
whose  sine  is  two-thirds  of  the  radius;  so  in  lie  ease  of  water,  it 
would  he  three-fourths  of  the  radius,  and,  in  general,  it  would  be  an 
angle  whose  sine  is  the  reciprocal  of  the  index  of  refraction. 

It  follows,  therefore,  that  this  limit  of  possible  transmission  dimi- 
niahea  as  the  refracting  power  of  the  medium  increases. 

Since  the  angle  Whose  sine  is  |  is  48°  28',  and  the  angle  whose 
sine  I  is  41°  49',  it  follows  that  these  are  the  limits  of  possible  trans- 
mission for  water  or  glass  into  air. 

997.    Table  showing  tJie  limits  of  possible  transmission,  correspondr 
ing  to  the   different   transparent   bodies  expressed  in  the  flrsl 


,„.„-.. 

.sa,t 

Limit  ot 

Lhioraste  ot  leii 

3-926 

f9^9 

Diamond 

2-470 

23  63 

golphur 

2.040 

29  21 

2'0a5 

29  45 

Oomet 

1-816 

33  27 

Felspar 

1-812 

38  30 

Sappiire 

84  26 

Huby 

1-779 

34  12 

Topaz 

1-610 

38  24 

Flmt  gkBS 

1-600 

88  41 

fiown  glass 

1-S33 

40  43 

Quartz" 

1'548 

40  15 

Alum 

1-467 

43  21 

TV"at«r 

1-336 

48  38 

The  propeities  here  dpstiibcd  may  be  illusti'uted  espenmentally  by 
the  apparatus  lepre'.entad  in  Jig  309  ,  let  a  S  c  d  represent  a  glass 
vessel  filled  with  water  oi  inj  other  tian=p  irent  liijuid.  In  the  bot- 
tom IS  ins(,rted  a  glTS'  leconei,  open  at  the  bottom,  and  having  a 
tube  such  as  a  lamp  chimney  earned  upwards  and  oontiuued  above 
the  surface  of  the  hqmd     If  the  fl'wne  of  a  lamp  or  candle  be  placed 
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in  this  reeeivBr,  as  represented  in  the  figure , 
rays  from  it  penetrating  the  liquid,  and  prii- 
ceeding  towai'ds  the  aurfiioe  dc,  will  strike 
this  suriace  with  various  obliquiiiea.  Raja 
which  strike  it  under  angles  of  incidence 
within  the  limits  of  transmission  will  issue 
into  the  air  above  the  surface  of  the  liquid, 
while  those  which  strike  it  at  greater  angles 
Fig.  309.  of  incidence,  will  be  reflected,  and  will  pene- 

trate the  sides  of  the  glass  yessel  6  c. 
An  eje  placed  outside  S  a  will  see  the  candle  reflected  on  that  part 
of  the  surface  d  c,  upon  which  the  raya  fall  at  angles  of  incidence 
exceeding  the  limit  of  transmission;  and  an  eye  placed  above  the 
surface  will  see  the  flame,  in  the  direction  of  the  refiected  rays,  strik- 
ing tlic  surface  with  obliquities  within  the  limit  of  transmission. 


CHAP.   VIII, 

aEFRACriON   OF   Plii 


Having  <,xplaim,d  the  piinniplef,  whi  h  detprmine  the  change  of 
direction  which  d  eiagle  laj  o±  bght  "-uffprs  when  it  pisses  fi  im  one 
transparent  mediuni  to  ■another  we  shiU  bow  pioci.ed  to  show  the 
effects  pioduoed  by  pencils  of  iijs,  whether  parallel,  dnergiug,  or 
convei'^ng  which  aja  incident  upon  plane  surfaces 


998.  Parallel  rays. — If  a  pencil  of  parallel  rays  he  incident  upon 
t  plane  suiface  s  ^,Jis-  310.,  which  sepai'ates  two  refracting  media 
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M  aBcl  m',  the  rays  of  the  pencil,  provided  tJiey  enter  tlie  medium  m' 
at  all,  will  eontinne  to  be  parallel. 

Whether  the  rays  of  the  pencil  enter  the  medium  m',  will  be  deter- 
mined by  the  relative  refracting  powers  of  the  two  media  M  and  m", 
and  the  magnitude  of  the  angle  of  incidence  of  the  pencil  upon  the 

If  the  medium  m'  he  more  refracting  than  tie  medium  M,  then  the 
pencil  will  enter  the  medium  W,  whatever  he  the  angle  of  incidence; 
Out  if  the  medium  m'  be  less  refracting  than  the  medium  m,  then  the 
pencil  will  enter  the  medium  m'  only  when  the  angle  of  incidence  is 
less  than  the  limit  of  transmission.  If  it  be  greater  thaa  that  limit, 
it  will  he  reflected  from  the  surface  S  a',  according  to  the  common 
laws  of  reflection, 

If  a  pencil  of  parallel  rays  be  incident  successively  upon  parallel 
plane  surfaces  separating  different  media,  ila  rays  wiJl,  if  transmitted 
at  all  through  them,  preserve  their  parallelism ;  for,  from  what  has 
been  already  proved,  the  pencil,  if  parallel  in  the  medium  m,  will  be 
pai-allel  in  tho  medium  m'  j  and  being  parallel  in  the  medium  m',  it 
will  for  the  same  reason  be  paj'allel  in  the  medium  m"  ;  and  the  same 
will  be  true  for  every  successive  medium  through  which  the  pencil 
passes,  provided  the  surface  separating  the  media  be  parallel. 

But  whether  the  pencil  be  transmitted  at  all  through  the  successive 
media,  will  depend,  as  before,  upon  the  relative  refracting  powers  of 
the  media  and  the  angles  of  incidence.  If,  for  example,  at  any  sur- 
fei.ce,  such  as  T  r",  the  medium  m"  have  less  refracting  power  than  the 
medium  m',  the  pencil  will  only  enter  it  provided  the  angle  at  which 
the  rays  strike  the  surface  T  t'  be  less  than  the  limit  of  transmission, 
otherwise  the  rays  will  be  reflected. 

K  a  refracting  medium  m',  bounded  by  parallel  planes,  have  the 
aame  medium  at  each  side  of  it,  as,  for  example,  if  the  medium  m'  be 
a  plate  of  glass,  and  the  media  M  and  m"  be  both  the  atmosphere,  the 
pencil  of  rays  A  B,  after  passing  through  the  medium  m',  will  emerge 
in  the  direction  c  d,  c'  d',  o"  a",  parallel  to  the  original  direcliou  a  b, 
A'  B',  a"  b",  &o. 

This  has  been  already  proved  for  a  single  ray,  and  will  therefore  be 
equally  true  for  any  nnmbei'  of  parallel  rays. 

999.  Parallel  rays  incident  on  a  succession  of  parallel  surfaces. 
— If  a  pencil  of  parallel  rays,  after  passing  through  a  succession  of 
media  bounded  by  parallel  surfaces,  be  incident  upon  the  surface  of  a 
le^  refracting  me^um,  at  an  angle  greater  than  the  limit  of  tcans- 
mission,  it  will  be  reflected,  and  after  refiection  will  return  through 
the  several  media,  making  angles  with  the  other  surfaces  equai  to 
those  which  it  produced  passing  through  them,  but  on  the  other  side 
of  the  perpendicular, 

For  example,  let  A  s,Jig.  311.,  be  a  ray  of  the  incident  pencil,  and 
let  it  be  successively  refracted  ly  the  media  m,  m',  m"  in  the  directions 
Q  543 


— — 5?= BC,  OD,  and.DE;   and  let  it  be  smp- 

3^5>\ posed  that,  the  medium  m'"  haTing  a 

~~     /B    ^.    c.>,        ~         leas  refractiug  power  tlian  tlie  medium 
'       T*^     M       A~  ^">  ^^^  ''"J  B  E  is  incident  upon  its 

'~~p'-a  ii"<~  Bnrfaoe  at  an  angle  greater  than  the 

^/  ^v        angle  of  transmission. 

■*■  A        Thia  ray  will  consequently  he  re- 

flected in  the  direction  Ti  d',  making  aa 
Fig-  311.  angle  with  the  surface  at  e  equal  to 

that  which  DE  makes  with  it.  The  raya 
ed'  and  ED,  being  equally  inclined  to  the  surfece  separating  the 
media  m"  and  m',  will  he  refracted  by  the  medium  m'  in  the  direction 
d'  c',  inclined  at  the  same  angle  as  d  O  to  the  surface  D  J>',  hut  on  the 
other  side  of  the  perpendioiuar;  and  in  the  same  way,  in  pa^ng 
through  the  medium  m,  it  will  take  a  direction  c'  tf  inclined  iw  0  0'  at 
the  same  angle  as  the- ray  0  b  is  inclined  to  it.  In  fine,  it  will  issue 
from  the  medium  M  iu  the  direction  b'  a',  inclined  to  the  surface 
bb',  at  the  same  angle  as  the  incident  ray  a  b  is  inclined  to  such 
surface. 

I£  an  eye  were  placed,  therefore,  at  a',  it  would  see  the  object  from 
which  the  ray  AJS  proceeds  in  the  direction  a'b',  the  phenomenon 
being  in  all  respects  similar  to  that  of  common  reflection. 

1000.  Mirage,  Fala  Morgana,  Sfc.  explained. — These  principles 
serve  to  explain  several  atmospheric  phenomena,  such  as  Mirage,  the 
Fata  Morgana,  &c. 

In  climates  subject  to  sudden  and  extreme  vicissitudes  of  tempera- 
ture, the  strata  of  air  are  often  affected  in  an  irregular  manner  as  to 
their  density,  and  conaequenlJy  as  to  their  refracting  power.  If  it 
happen  that  rays  proceeding  from  a  distant  object  directed  upwards 
after  passing  through  a  denser  be  incident  upon  the  surface  of  a  raret 
stratum  of  air,  and  that  the  an^le  of  incidence  in  this  cose  exceeds  the 
limit  of  transmission,  the  ray  will  be  reflected  downwards ;  and  if  it  be 
received  by  the  eye  of  an  obseryer,  an  inverted  image  of  the  object 
will  be  seen  at  an  elevation  much  greater  than  the  object  itself. 

To  explain  this,  let  s,Jig.  312.,  be  an  object,  which  if  viewed  from 
E  would  be  seen  in  the  direction  e  a. 

Let  M  and  m'  be  two  atmospheric  strata,  of  which  m'  is  much  more 
rare  than  M,  and  let  the  ray.  s  M  be  incident  upon  the  surface  separa- 
ting these  strata  at  an  angle  greater  than  the  angle  of  transmission. 
Such  ray  will  in  this  case  be  reflected  in  the  direction  me,  making 
with  the  surface  an  angle  equal  to  that  which  a  m  makes  with  it.  The 
eye,  therefore,  will  see  an  image  of  s,  exactly  as  it  would  if  the  sur- 
fece  separating  M  and  m'  were  a  mirror,  and  consequently  the  image 
s'  of  the  object  s  will  be  inverted.  If  no  opaque  obstacle  lie  in  the 
line  E  S,  the  object  B  and  the  inverted  image  will  be  seen  at  the  same 
time ;  but  if  any  object  be  interposed  between  the  eye  and  s,  such 


OF  PLAiVE  yUUFACES, 


as  a  building,  or  elevated  ground,  or  the  curvatare  of  the  eartb,  thea 
the  object  s  will  be  invisible,  while  ita  inverted  image  S'  will  be 

It  sometimes  happens  that  the  reflection  takes  place  from  a  lower 
stratum  of  air  towtuiis  the-eye  in  an  upper  stratum,  and  in.  ench  caae 
the  inverted  image  is  seen  below  the  objeet, 

1001.  Curiotts  examples  of  these  phenOTnena-  —  Various  f^ntasHo 
optical  effects  of  this  kind  are  recorded  as  having  been  observed 
daring  the  campaign  of  the  French  army  in  Egypt.  On  this  occa- 
sion, a  corps  of  savans  accompanied  the  army,  io  consequence  of 
which,  the  particulars  of  the  phenomena  were  accnrately  observed  and 
explained. 

When  the  surface  of  the  sands  was  heated  by  the  snn,  the  land 
seemed  termioated  at  a  certMn  point  by  a  general  iuundatioii.  Vil- 
lages standing  at  elevated  points  seemed  like  islands  in  the  middle  of 
a  laie,  and  under  each  village  appeared  an  inyerted  image  of  it.  As 
the  spectator  approached  the  boundary  of  the  apparent  inundation, 
the  watei*  seemed  to  retire,  and  the  same  illudon  appeared  round  the 
nest  village. 

1002.  Case  in  which  paralhl  rays  are  incident  successively  on 
surfaces  not  paralhl.  —  If  a  pencil  of  parallel  rays  he  trausmitted 
aucoessively  through  several  transparent  media  bounded  by  plane  sur- 
faces which  are  not  parallel,  its  rays  will  preserve  their  parallelism 
throughout  its  entire  course,  whether  they  strite  the  successive  sur- 
faces at  an  angle  within  .the  fimit  of  transmission  or  not. 

If  they  striae  them  at  angles  within  the  limit  of  transmission,  they 
will  pass  successively  through  the  media,  and  the  preservation  of 
their  mutual  parallelism  may  be  established  by  the  same  reasoning  as 
was  applied  to  parallel  surfaces;  for  the  angles  of  incidence  of  the 
parallel  rays  upon  the  surface  of  the  first  medium  bemg  equal,  the 
angles  of  refraction  will  also  be  equal,  and  therefore  the  rays  through 
the  first  medium  will  be  parallel-  They  will  therefore  be  incident  at 
equal  angles  on  the  surfaces  of  the  two  media,  and  the  angle  of  re- 
tiaction  through  the  strata  within  the  limits  of  ti-ansmission  will  bo 
also  equals  and  therefme  the  rays  in  passing  through  the  second  me- 
dium will  be  parallel ;  and  the  same  will  be  true  of  every  suocesMve 
medium  thiuugh  which  the  rays  would  be  transmitted.  But  if  they 
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strike  upon  tlie  surface  of  any  medium  at  an  angle  beyond  tlie  limit 
of  transmis^on,  ttey  will  be  reflected,  and  being  reflected  at  the  same 
angle  at  which  they  are  incident,  the  reflected  rays  must  he  paiallel. 
lu  rotarning  successively  through  the  raadia  they  will  be  subject  to 
the  like  olffiervation,  and  will  therefore  preserve  their  parallelism 
whether  they  he  refracted  or  reflected. 

In  these  observationB  it  is  assumed  that  all  the  lays  ooraposing  the 
parallel  pencil  are  equally  refrangible  by  the  same  refracting  medium, 
and  to  such  only  the  above  inferences  are  applicable.  It  will,  how- 
ever, appear  hereafter  that  certaiQ  pencils  may  be  composed  of  rays 
which  are  differently  refran^ble,  a  case  not  contemplated  here. 

1003.  Refraction  by  prisms.  — The  deflection  of  a  pencil  from  ita 
origirial  course  by  its  successive  transmission  through  refracting  sur- 
faces which  are  not  parallel,  is  attended  with  coaseqnences  of  great 
importance  in  the  theory  of  light,  and  it  will  therefore  be  necessary 
here  to  explain  these  effects  with  some  detail. 

If  two  plane  surfaces  be  not  parallel,  they  may  be  eoEwdered  aa 
forming  two  sides  of  a  triangular  prism,  which  is  a  sohd,  having  five 
sides,  ttiree  of  which  are  rectangular,  aod  the  two  ends  triangular. 
Such  a  solid  is  roprosected  in  fig.  313.  a  b  o  and  a'  b'  c  'are  the 
triangular  ends,  which  are  at  right  angles  to  the  length  of  the  prism, 


Fig.  313. 

and  therefore  parallel  to  each  other.     The  three  rectangular  sides  are 
A B e'  a'i  EC c' li',  and  a c o'  a'. 

1004.  The  refracting  angle — designations  of  prisms. — The 
refracting  angle  of  the  prism  is  that  angle  through  the  sides  of  which 
the  refracted  light  pa^es.  Thus,  if  the  Sight  enter  at  any  point  of 
the  side  A  B  B*  A',  and  emerge  from  a  point  of  the  side  B  c  c'  b',  then 
the  angle  of  the  prism  whose  edge  -is  b  b'  ia  called  the  refract- 
ing angle,  and  the  opposite  side  A  C  (/  a'  is  called  the  base  of  the 
prism. 

Triangular  prisms  are  distinguished  according  to  the  properties  of 
the  triangles  which  form  their  ends.  Thus,  if  the  triangle  a  b  0  be 
efiuilateral,  the  prism  is  SMd  to  be  equilateral;  if  it  be  rightangled, 
tiie  prism  is  said  to  be  rectangular;  if  the  sides  A  u  and  b  c  of  the 
refracting  angle  be  equal,  the  prism  is  said  to  be  isoscelefe;  and  so 
forth, 
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.  Manner  of  mounting  prisms  for  optical  esperimsTUs.  —  It 
is  ttsual  to  mount  such,  prisma  for  optical  purposes  on 

•"I  a  pillar,  a3  rejiresented  in  Jig.  314.,  having  a  aliditig 
tube  i  with  a  tightening  screw,  hy  which  the  elevation 
may  he  regalated  at  pleasure,  and  a  knee-joint  at  g,  by 
which   any  desired  inclination  may  he  given  to  the 

By  fie  combination  of  these  an'angementa,  the  ap- 
paratus may  always  be  adjusted,  so  that  a  pencil  may 
he  received  in  any  desired  direction  with  reference  to 
its  re&actiog  angle. 

If  the  transparent  niedium  composing  the  prism  he 
a  solid,  the  prism  may  he  formed  hy  cutting  and  polish- 
ing the  solid  in  the  form  required;  if  it  he  a  liquid, 
the  prism  may  he  formed  of  glass  plates  hollow,  so  as 
to  be  filled  by  the  liquid. 

1006.  Effect  produced  on  parallel  rays  by  aprism. — 
Leta  pencil  of  parallel  rays  be  supposed  to  he  in- 
cident at  o,J!g.  315.,  upon  one  side  a  b  of  the 
refracting  angle  ABC  of  a  prism.  Let  it  be 
required  to  determine  under  what  conditions 
such  a  peocU  entering  the  prism  and  traversing 
it  will  be  transmitted  through  the  other  side  b  c, 
We  'ihall  here  assume  that  the  refracting 
jowei  ot  the  prism  is  greater  than  that  of  the 
^unoundmg  medium.  This  being  the  case, 
the  ptncil  incident  upon  the  surface  A  B  will 
enter  the  prism,  whatever  be  its  angle  of  inci- 
dence From  0  draw  O  M  perpendicular  to  a  b, 
and  o  m  perpendicular  to  B  0 ;  draw  o  p  and 
i  OP,  making  with  o  m  the  angles  POM  and 
Fb  "lo  ^  "^  ^^  each  equal  to  the  limit  of  transmission ; 

ind  •ilao  draw  the  Knea  Op  and  op',  making 
n,I  1  with  o  m  also  equal  respectively  to  the  limit  of  transmission. 
It  IS  evident,  trum  what  has  been  already  explained,  that  in  whatever 
direction  the  incident  ray  woviH  fall  at  0,  it  will,  when  refracted,  fall 
within  the  angle  pop'. 

It  follows  also  from  what  has  been  explained,  that  no  ray  proceed- 
ing from  o  and  incident  upon  the  surface  B  c  can  he  transmitted 
through  it  unless  it  fall  between  p  aud  p',  that  is,  within  the  angle 

It  is  evident,  then,  that  if  these  two  angles  p  o  p',  and  pop'  lie 
altogether  outside  each  other,  as  represented  in  Jig.  315.,  no  ray  inci- 
dent at  o  could  pass  through  the  surface  b  0;  and  that,  consequently, 
every  such  ray  must  be  reflected  by  such  surface.  In  order  that  any 
of  the  rays  transmitted  through  the  prism,  and  therefore  falling  within 
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tlie  angle  p  0  v',  should  lje  transmitted,  it  would  be  neceaaary  that 
the  angle  p  op',  or  some  part  of  it,  should  fall  upon  or  withia  the 
angle  p  o  p'. 

To  determine  the  conditions  which  would  ensure  suoh  a  result,  we 
are  to  consider  that  the  lines  o  M  and  o  m,  which  are  perpendicular 
respeetively  to  the  sides  of  the  refracting  angle,  must  form  with  each 
other  the  same  angle,  that  is,  the  angle  m  o  M  must  he  equal  to  the 
refracting  angle  E. 

This  angle  m  o  m  is,  aa  represented  in  ^g.  315.,  equal  to  tie  sum 
of  the  three  angles  M  of,  mo  p',  aud  p'  0  P.  Therefore,  the  angle 
p'  OP  will  be  equal  to  the  angle  m  o  M,  diminished  by  twice  the  limit 
of  transmission,  because  the  two  angles  mop'  and  M  o  P  are  respect- 
ively equal  to  the  limit  of  ti'ansmission. 

It  follows,  therefore,  that  the  angle  j/  o  p,  which  separates  the  rays 
transmitted  through  the  prism  froni  the  direction  of  those  rays  which 
it  would  be  possible  to  transmit  through  the  surface  B  c,  is  equal  to 
the  difference  between  the  refracting  angle  b,  and  twice  the  limit  of 
transmission.  If,  therefore,  the  refracting  angle  of  the  prism  be 
greater  than  twice  the  limit  of  transmission,  the  rays  which  enter  the 
prism  cannot  be  transmitted  through  the  second  surface  of  the  refract- 
ing angle,  but  will  be  reflected  by  it.  K  the  angle  m  o  m  be  equal 
to  twice  the  limit  of  transmission,  then  the  commencement  o  P  of  the 
rays  which  pass  through  the  prism  will  coincide  with  the  oommence- 
meut  op'  of  those  rays  which  it  would  be  possible  to  transmit  through 
the  surface  B  c.  This  case  Is  represented  ia_fig.  316.  In  this  case, 
none  of  the  rays  which  pass  through  the  prism  can  be  transmitted 
tbinugh  the  surJace  B  C,  and  the  line  o  p  is  the  limit  which  separates 
the  two  cones  of  raja,  one  consisting  of  the  rays  which  traverse  the 
prism,  and  the  other  including  those  directions  which  would  render 
their  transmission  through  the  second  surface  possible. 
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If,  in  fine,  tte  angle  m  o  m,  as  represented  in.  fig.  317.,  be  less 
tlian  twice  the  limit  of  transmission,  then  a  portion  of  tlic  goqo  p  o  / 
will  lie  within  the  cone  pop'  and  ail  the  refracted  rays  which  are 
included  between  o  p  and  o  p'  will  fulfil  the  condition  of  transmission, 
and  will  consequently  pass  through  the  surface  B  o ;  hut  all  the  others 
which  strike  the  sui'lace  b  a  between  p'  and  j/ ,  mill-  be  reflected. 

The  rays,  therefore,  incident  at  the  point  o,  which  are  capable  of 
being  transmitted  through  the  two  surfaces  b  a  and  b  0  of  the  prism, 
will  be  those  whose  angles  of  refraction  are  greater  than  j/  o  m,  and 
less  than  pom. 

But  if  L  express  the  limit  of  transmission,  and  b  the  refracting 
angle  of  the  prism,  we  shall  have 

p'o  M  =  i. — yop  =  ]! — L. 
The  condition,  therefore,  of  transmission  at  the  two  surfaces  is  that 
the  refi'acting  angle  of  the  prism  shall  be  less  than  twice  the  limit  of 
transmission,  and  the  rays  which  in  this  case  are  capable  of  transmis- 
sion are  those  whose  angles  of  refraction  at  the  first  surfece  are  greater 
than  the  difference  between  the  refracting  angle  of  the  prism  and  the 
limit  of  transmission. 

To  explain  the  oonrse  of  a  ray  which,  passing  through  the  prism, 
fulfils  these  conditions  of  transmission,  let  ABC, _^.  31S.,  be  the 
refracting  angle,  and  P  0  the 
incident  ray. 

The  prism  being  supposed  to 
be  more  dense  than  the  sur- 
rounding medium,  or  to  have 
a'  greater  refracting  power,  the 
ray  P  o,  in  passing  through  it, 
will  be  bent  towards  the  per- 
pendicular ON,  so  that  the 
■"■  "  angle  of  refraction  o'  ON  will 

Fig.  313.  bo    less   than  the    angle   of 

incidence  at  o.  Thus  the 
refracted  ray  will  be  bent  out  of  its  course  through  the  angle  Q  0  (/, 
whicb  is  the  first  deviation  of  the  refracted  ray  from  its  original  direc- 
tion. The  refracted  ray  o  o'  being  incident  on  the  second  surface  at 
o'  at  the  angle  o  o'  n,  will  pass  through  this  surface,  and  will  emerge 
in  the  direction  o'  E  deflected  from  the  perpendicular. 

Since  0  Q  is  the  direction  of  the  original  incident  rav  P  o,  and  Q  R 
the  direction  of  the  emergent  ray  o'  r,  it  follows  that  the  total  devia- 
tion of  the  ray  from  the  ori^al  direction  produced  by  the  two  refrae- 
tiona  is  the  angle  P'  Q  R. 

1007-   Condition  on  tehich  the  devialioti  of  tke  refracted  ray  shall 
he  a  miniiavim.  —  If  the  angle  of  incidence  of  the  orjmnal  ray  p  o  be 
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auoh  tiat  the  refracted  ray  o  o'  shall  mate  equal  angles  with  the 
sides  of  the  prism,  that  is  to  say,  so  tliat  the  angles  boo'  and  n  o'  o 
sliall  be  equal,  then  the  devktion  of  the  emergent  vaj  o'  R  from  its 
original  direction  will  be  less  than  it  woald  be  for  any  other  angle  of 
iuoideiice  of  the  original  ray  p  o. 

In  this  case  it  is  easy  to  see  that  tlie  angles  which  the  incident  and 
emergent  raja  P  o  and  o'  n  make  with  the  sides  of  the  priam,  and 
with  the  refracted  I'ay  o  o',  are  equal ;  for  since  the  angles  boo'  and 
1,  the  angles  n  0  o'  and  N  o'  o  are  also  equal. 


But 


-  index  of  refraction, 


-  =  index  of  refraction. 


But  since  the  angles  moo'  and  s  o'  o  are  equal,  it  follows  that 
the  angles  p  o  n  and  n  O'  n'  are  consequently  also  eqnaL  Therefore 
the  incident  and  emergent  rays  make  equal  angles  with  the  perpen- 
dicular to  the  two  surtaceSj  and  therefore  with  the  two  surfaces  them- 
selvea.  . 

.  It  is  easy  to  show  experimentally  that  in  this  case  the  deviation  of 
the  direction  of  the  emergent  from  that  of  the  incident  ray  is  a  mini- 
mum, for  the  direction  of  these  rays  can  be  determined  by  ohserva- 
tjon  and  the  deyjation  directly  measured.  By  turning  the  prism  on 
its  asia,  so  as  to  vary  the  angle  which  the  firat  surface  m^es  with 
the  incident  ray  by  increasing  or  diminishing  it,  it  will  be  found  that 
the  deviation  of  the  direction  of  the  emergent  from  that  of  the  inci- 
d'est  ray  will  ba  aiigmented  in  whatever  way  the  prism  may  be  turned 
frbm  that  position  in  which  the  incident  and  emergent  rays  are  equally 
inclined  to  the  eidesof  the  prism, 

1008.  How.  this  supplies  means  of  determining  the  index  of  re- 
fraction.  —  Means  are  thus  obtained,  by  observing  the  minimum 
deviation  produced  upon  a  ray  transmitted  through  a  prism,  of  deter- 
mining, by  a  simple  ohseivatiou,  the  index  of  refraction;  for  the  angle 
of  refraction  k  o  o',  being  equal  ta  the  angle  n  b  o,  is  one-half  flie 
refracting  angle  of  the  prism,  and  the  angle  of  incidence  p  o  n  is 
equal  to  the  angle  of  refraction  n  o  o',  or  one-half  the  angle  of  the 
prism,  together  ivith  the  aiigle  o'  o  q,  or  one-half  the  deviation  o'  Q  p'. 
Thus,  if  I  be  the  angle  of  incidence,  and  e  the  angle  of  refraction  at 
the  first  aurface  0,  and  if  b  he  the  refracting  angle  of  the  prism,  and 

D  the  angle  of  deviation,  we  shall  have 

!=■  JD  +  ^B, 
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Hd  +  B) 


..  iB 


-^  =  indes:  of  refractioQ. 


By  knowing,  therefore,  the  angle  of  tlie  prism,  and  'by  measuring 
the  angle  of  minimum  deviation,  the  index  of  refraction  of  the  ma- 
terial composing  the  prism  can  he  foand. 

If  the  i^y  transmitted  through  the  prism  do  not  fulfil  the  conditions 
of  transmission  at  the  second  surface,  it  will  be  reflected,  and  will 
therefore  return  to  the  first  surface,  and  pass  through  it  into  the 
medium  from  which  it  came,  or  will  return  to  the  base,  and  be  trans- 
mitted through  it,  or  reflected  by  it,  according  as  the  angle  at  which 
it  strikes  it  is  within  the  limit  of  transmission  or  not. 

In  the  case  represented  mjig.  319.,  the  incident  ray  p  o  striking 
upon  the  surface  b  C  at  o',  is  reflected  by  it  and  passes  to  the  base  at 
o",  through  which  it  is  transmitted. 

1009.  Rectangular  prism  used  as  rejkcior.  —  A  rectangular  isos- 
celes prism  of  glass  is  often  used  for  an  oblique  reflector.  Such  a 
prism  is  represented  in^^.  320.  The  sides  a  b  and  A  o  being  equal, 
the  angles  ABO  and  A  o  b  must  be  each  45".  If  a  parallel  pencil  of 
rajB,  of  which  P  o  is  one,  is  incident  upon  b  a  perpendicularly,  it  wUl 
enter  the  medium  of  the  prism  without  refraction,  and  will  proceed  to 
the  Burfitce  b  C,  on  wjiioh  it  will  be  incident  at  (/  at  an  angle  of  45°. 
Now,  the  limit  of  transmission  of  glass  being  but  40°,  such  a  ray 
must  suffer  total  reflection,  and  will  accordingly  be  reflected  from  B  o 
at  an  angle  of  45°,  that  is,  in  the  direction  of  o'  E,  at  right  angles  to 
the  original  direction  P  o'. 


Fig,  319.  Fig.  330, 

An  object,  therefore,  placed  at  r  would  be  seen  by  an  eye 
at  P  in  the  direction  p  o',  and  an  object  placed  at  p  would  be  si 
an  eye  placed  at  r  in  the  direction  b  0'. 


<Ktoi..,Goo^lf 


82  LIGHT. 

1010.  Diverging  rays  refranted  at  plane  surfaces.  —  Let  I,  ^s. 
321.,  322.,  be  the  focus  from  which  a  pencil  of  divergiag  rays  pro- 
ceeds, and  is  iaoident  upon  the  refracting  surface  a  b  c,  sepai-ating  the 
media  M  and  m'. 

Let  I B  be  that  ray  of  the  pencil  which  being  j 


s  Its  1 


1  will 


therefore  pa^s  into  t 
dium  M  without  hiving  its 
direction  changed  Let  i  d 
be  twootbei  raja  equidistant 
fiom  B  falling  obliquely  on 
the  surface  so  near  the  point 
B  as  tc  bring  them  within  the 
Bco[)D  of  the  principle  ex- 
plained in  958.  Let  de 
be  the  directions  of  the  re- 
fricted  rays  which  being  con- 
tinued backwards  meet  the 
hne  B I  at  B.  Fig.  321.  re- 
pre  enta  the  case  in  wbioh 
lease  than  m  and  in  which,  therefore,  the 
refra&ti-d  rays  are  deflected 
trwii  h  the  perpendicular. 
Fg  322.  represents  the  case 
in  which  the  medium  m'  is 
,^.  less  dense  than  M,  and  where, 

,  therefore,  the  refracted  ray? 

are  deflected  from  the  perpen- 
dicular 

In  tho  f  rmer  case,  the 
po  nt  B  falls  ibove  I,  in  the 
la  *r  1  w  t  The  point 
B  w  1  then  be  the  focus  at 
wli  oh  the  riys  I  b  and  d  e, 
o  the  r  ontinuations,  meet. 
This  will  therefoie.be  the  focus  if  the  nfiicedrajs.  The  angle 
DIB  which  the  incident  ray  maltea  with  the  perpendicular  I B,  ia 
equal  to  the  angle  of  incidence.;  and  the  angle  d  R  b,  which  the  di- 
rection of  the  refracted  ray  makes  with  the  perpendicular,  is  the 
angle  of  refraction. 

Let  the  distance  l  b  of  the  focus  of  incident  rays  from  th  u  f  b 
ospressed  by  f  and  b  b,  that  of  the  focus  of  refracted  r  y  t  m  th 
surface  hj  f. 

Since  tho  angles  which  u  B  and  I D  make  with  R  r  B  a  m  11 

aa  to  come  within  the  scope  of  the  prindple  expressed    n  958    we 
shall  have 
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1  consequently, 


Bat  BJBoe  the  a 
ciple  explained  ii 


I  I  and  a  are  small,  iheir  sines,  by  the  pria- 
.,  may  be  taken  to  be  equal  to  the  a 


is;  and,  consequently,  we  sliall  have,  by  the  common  law  of  ii 
fraction,  -  equal  to  the  index  of  refraction  n.     Thus  we  shall  have 


/ 


/= 


^/ 


(0), 


In  this  case,  n  is  tlie  index  of  refraction  of  the  rays  proceeding 
from  the  medium  M  to  the  medinm  m',  and  is  consequently  greater 
than  1  when  M'  is  more  dense  tliaa  M,  and  less  than  1  whea  M'  is  Jess 
dense  than  m. 

The  formula  (c)  is  equivalent  to  a  statement  that  the  distance  of 
the  foci  of  refraction  and  incidence  from  the  refracting  surface  is  in 
the  proportion  of  the  index  of  refraution  to  1 ;  that  is  to  say, 
f  :/■.,. -.1. 

iOll.  Convergent  rays  incident  on  plane  sttrfaces.  —  The  cases 
represented  in  Jigs.  S21,  and  322.  are  those  of  diverging  rays.  Let 
ns  now  consider  the  case  of  converging  rays.  Let  the  rays  B  D  be 
incident  upon  the  surfaco  ABC,^gs.  323.,  324,,  converging  to  the 


oOO^It 
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If  tlie  medium  n'  ho  more  dense  than  M,  tlie  rays  being  deficoted 
towai'ds  the  fierpendicular  would  ment  the  asia  b  i  at  the  point  E,  moi-e 
distant  than  I  from  B ;  and  if  m'  he  less  dense  than  M,  heing  deflected 
from  the  perpendicular  thej  will  meet  the  axis  at  the  point  r,  less 
distant  from  the  surface  than  I.  In  this  case,  the  same  reasoning  will 
he  applicable  aa  in  the  former,  and  the  game  formula  (o)  for  the  de- 
termination of  the  relative  distances  of  I  and  R  from  E  will  result. 

If  i,/gs,  321.,  322,,  be  any  point  in  an  object  seen  by  an  eye 
placed  withja  the  medium  m',  the  pointi  will  appear  at  r,  because  the 
rays  D  B  proceeding  from  it  enter  the  eye  as  if  they  came  from  e. 
Tho  point  will  therefore  seem  to  be  more  distant  from  the  surface  A  o 
than  it  really  is  in  the  case  represented  in  fig.  321.,  and  less  distant 
in  that  represented  m_fig.  322. 

1012.  Why  viater  or  glass  appears  shallower  than  it  is. — This 
explains  a  familiar  effect,  that  when  objects  sunk  in  water  are  viewed 
by  an  eye  placed  above  tJie  surface,  they  appear  to  be  less  deep  than 
they  are,  in  the  proportion  of  3  to  4,  thk  being  the  index  of  refrac- 
tion for  water.  If  thick  plates  of  glass  with  parallel  surfaces  be  placed 
in  contact  with  any  visible  object,  as  a  letter  written  upon  white  paper, 
such  object  will  appear,  when  seen  through  the  glass,  to  be  at  a  depth 
below  the  surface  only  of  two-thirds  the  thickness  of  the  gla^,  the 
index  of  refraction  for  glass  being  |, 

If  a  straight  wand  b^  immersed  in  water  in  a  direction  perpen- 
dicular to  the  surface,  the  immersed  part  will  appear  to  be  only  three- 
fourths  of  its  real  length,  for  every  point  of  it  will  appear  to  be  nearer 
to  the  surface  than  it  really  is,  in  the  proportion  of  3  to  4.  If  the 
wand  be  immersed  in  a  direction  oblique  to  the  suAce,  it  will  appear 
to  be  broken  at  the  point  where  it  meefe  the  surface,  the  part  im- 
mersed forming  an  angle  with  the  part  not  immersed. 

Let  A-C,fig.  32 5., 'represent  ia  this  case  the  surface  of  the  water, 
and  let  L  B  l'  be  the  real  direction 
of  the  lod,  bl'  being  the  part  im- 
mersed From  any  point  p,  draw 
V  M  perpendicular  to  the  surface 
A  r,  and  let  m  p  be  equal  to  three- 
fourths  M  p.  The  point  p  will 
therefoie  appear  as  if  it  were  at 
p ,  and  the  same  will  be  true  for 
all  pomta  of  the  rod  from  e  to  i.'. 
The  rod,  therefore,  which  really 
^^  ^^^'  passes  from  b  to  l',  will  appear 

as  if  it  passed  from  b  to  l',  this  line  b  I'  being  appai'ently  at  a  distance 
from  the  surface  of  three-fourths  the  distance  B  l'. 

1013.  Refracting  and  refractive  power  explained.  —  Much  con- 
fusion and  consequent  obscurity  prevails  in  the  works  of  writers  on 
optica  of  all  countries,  arising  from  the  uncertain  and  varying  use  of 
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the  terms  refraoting  or  refractive  power,  as  apyilied  to  the  effect  of 
transparent  media  upou  ligLt  transmitted  tlirougL  tliem. 

It  ia  evident  tliat  if  rajs  of  light  incident  at  the  same  angle  on  the 
surfaces  of  two  media  be  more  deflected  from  their  original  course  in 
piisaing  through  one  than  in  paaa-ng  through  the  other,  the  refracting 
power  of  tiia  former  ia  properly  said  to  be  greater  tliiin  the  refract- 
ing power  of  the  latter.  But  it  is  not  enough  for  the  purposes  of 
science  merely  to  determine  the  inequality  of  reiiacting  power.  It  ia 
necessary  to  assign  numerically  the  amount  or  degree  of  such,  inequal- 
ity, or,  ilk  other  words,  to  assign  the  numerical  ratio  of  the  refracting 
powers  of  the  two  media. 

In  some  works  the  index  of  refraction  is  adopted  as  the  espres- 
eioE  of  the  refracting  power.  Tuns  the  first  table  in  the  Appendix 
to  Sir  David  Brewster's  Optica  is  entitled  "  Table  of  Refracting 
Powers  of  Bodies ;"  the  table  being,  in  fact,  a  teble  of  the  indices  of 

The  eon-ect  measure  of  the  refracting  power  of  a  medium  is,  how- 
ever, not  the  index  of  refraction  itself,  but  the  number  which  ia  found 
by  subtracting  1  from  the  square  of  that  index.  Thus,  if  n  ex- 
press the  index  of  refraction,  n^  —  1  would  express  the  reftacting 
power. 

Thia  measure  of  the  refracting  power  is  b^ed  upon  a  principle  of 
plijsics  not  easily  rendered  intelligible  without  more  mathematical 
knowledge  than  ia  expected  from  readers  of  a  vohime  so  elementary 
aa  the  present.  In  the  corpuscular  theory  of  light,  the  number 
n^ — 1  expresses  the  increment  of  the  square  of  the  velocity  of  light  in 
passing  fiim  the  one  medium  to  the  other ;  and  in  the  undulatory 
theory  it  depends  on  the  relative  degrees  of  density  of  the  luminous 
ether  in  the  two  media.  In  each  case  there  are  mathematical  reasons 
for  assuming  it  aa  the  measure  of  the  refractive  power. 

Taking  the  refractive  power  in  this  sense,  it  may  be  expressed  fof 
any  medium,  either  on  the  suppoailion  that  light  passes  fi-om  a  vacuum 
into  such  medium,  or  that  it  passes  from  one  transparent  medium  to 
another.  If  the  refractive  powers  of  two  media  be  given,  on  the  sup- 
position that  light  passes  from  a  vacuum  into  each  of  them,  the  re- 
fractive power,  where  light  passes  from  one  medium  to  the  other,  can 
be  found  by  dividing  their  refractive  powers  from  a  vacuum  one  by 
the  other.  Thus  the  refractive  power  of  glass  from  vacuum  being 
1'326,  and  that  of  water  0785,  the  refractive  power  of  glass,  in  re- 
ference to  water,  will  te 

1014.  Absolute  refractive  power  explained.  —  The  term  "abso- 
lute refracting  power"  has  been  adopted  to  express  the  ratio  of  the 
refracting  power  of  a  body  to  ita  density.    Thus,  if  d  express  the 
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I,  and  A  Gspress  its  absolute  refracting  power,  w 


When  an  elastic  fluid  or  gnseons  aubstance  suffers  a  chaBge  of  den- 
sity, its  tefraoting  power  nadergoes  a  con-esponding  change,  incres^ 
ing  with  the  decaty;  but  in  this  case  the  "absolute  refracting 
power"  remains  sensibly  constant,  the  index  of  refraction  varying  in 
such  a  manner  that  n^  —  1  increases  or  diminishes  in  the  same  ratio 


s  the  density. 


HEFa ACTION   AT   SPHERICAL   SOltPACES. 

1015.  The  radius  of  a  spherical  surface  token  as  the  perpendicu' 
lar  to  which  all  rays  are  referred. — It  has  been  already  explained 
that  a  ray  of  light  incident  upon  a  ourved  surface  suffers  the  same 
effect,  wliether  by  refraction  or  reflection,  as  it  would  suffer  if  it  were 
incident  upon  a,  plane  surface  touching  the  curved  surface  at  the  point 
of  incidence  j  and  consequently  the  perpendicular  to  which  such  ray 
before  or  after  refraction  must  be  referred,  will  be  the  normal  to  the 
curved  surface  at  the  point  of  incidence.  But  as  the  curved  surfaces 
which  are  chiefly  considered  in  optical  researches  are  spherical,  this 
normal  is  always  the  line  drawn  through  the  centre  of  the  sphere  of 
which  such  curved  surface  forms  a  part.  When  a  ray  of  light,  there- 
fore, is  incident  upon  any  spherical  suiface  separatdog  two  media  hay- 
ing different  refracting  powers,  its  angles  of  incidence  and  refraction 
ai'e  those  which  the  incident  and  refracted  rays  respectively  make 
with  the  radius  of  the  surface  which  passes  through  the  point  of  inci- 
dence. 

Thus  if  A  B  C,^.  326.,  be  such  a  surface,  of  which  o  is  the  centre, 
a  ray  of  light  ¥  P,  being  incident  upon  it  at  p,  and  refracted  in  the 
direction  p  s,  the  angle  of  incidence  will  be  the  angle  which  y  p 
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HI  nkes  with  the  continuation  of  0  P,  and  tlie  angle  of  refraction  will 
be  o  P  P.  The  sine  of  the  angle  of  incidence  will  be,  according  tiD 
the  common  law  of  refj'action,  equal  fo  the  sine  of  the  angle  of  refi-ae- 
tion  multiplied  by  the  index  of  wfi'aotion. 

We  shall  first  consider  the  case  of  pencils  of  parallel  raya  incident 
on  spherical  surfaces ;  and,  secondly,  that  of  divergent  or  convergent 
tajs. 

It  may  be  here  premised  once  for  all,  that  in  what  follows  snob 
pencils  of  rays  only  will  be  considered  as  have  angles  of  incidence  or 
refraction  so  small  aa  to  oome  within  the  scope  of  the  principle 
explained  in  958.,  so  t]iat  inthese  cases  the  angles  of  incidence  and 
refraction  themselves  may  be  substiuted  for  then:  sines,  and  vice 
versA  ;  and  the  arcs  which  subtend  these  angles,  and  the  perpendicu- 
lai's  drawn  from  the  estremity  of  either  of  their  sides  to  the  other, 
may  indifferently  be  taken  for  each  other.  The  retention  of  this  in 
the  memory  of  the  reader  will  save  the  necessity  of  frequent  repeti- 
tion and  reoun-ence  to  the  same  principle. 

1016.  Parallel  rays. — Let  y  T,Jig.  326.,  bo  two  rays  of  a  parallel 
pencil  whose  axis  is  F  o  B,  and  which  is  incident  at  v  upon  a  spheri- 
cal surface  ABO,  whose  centre  is  o. 

There  are  two  cases  presenting  different  conditions : 

I.  When  the  denser  medium  is  on  the  concave,  and  the  rarer  on 
the  convex  side  of  the  refracting  surface : 

II.  When  the  denser  niedinm  is  on  the  convex,  and  the  rarer 
medium  on  the  concave  side  of  the  refracting  surface, 

1017.  First  case.  Convex  surface  of  denser  medmm. — The  rays 
~ "     ''     326.,  iTicident  at  p,  entering  a  denser  medium,  will  be  de- 


fleeted  towards  the  pei-pendicular  0  p,  and  will  consequently  n 
a  poiati'  beyond  o.     The  angle  P  o  B  is  equal  to  the  angle  oi  mci- 
denoe.     Let  this  be  called  r.     The  angle  o  p  e  is  the  angle  of  refrac- 
tion, which  we  shall  call  r. 

By  the  common  principles  of  geometry  (Euclid,  book  1.  prop.  32.), 
we  have 


If  the  diatanee  B  s,  of  the  focus  F,  from  the  vertex  b  be  expressed 
3y  r,  and  the  radius  B  o  by  r,  wc  shall  have 


But  since  i  is  equal  to  k  > 
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LIGHT. 

Omitting  Ihe  comnu 

)u  numerator  B  P,  ■ 
1       n 

and  oonscijuontly 

1018.  To  Jind  the  distances  of  the  principal  focus  from  tlie  sur- 
face and  ihe  centre. — By  this  formula,  when  the  index  of  refraction 
n,  and  the  radius  r  of  the  surface  A  E  o,  are  known,  the  distance  of 
ihe  point  p  from  b  can  alwajs  be  computed,  as  it  is  only  necessary  to 
multiply  tile  radius  by  tbe  indes  of  refraction,  and  to  divide  the  pro- 
duct by  the  same  index  diminished  by  1. 

To  find  the  distance  of  the  focus  e  fi-om  the  centre  o,  it  is  only 
necessary  to  subtract  fi-om  the  foi-mula  espressing  its  distance  from 
B,  the  radius  r.     Thus  we  liave 

nX  r  r  ,  , 

.o=:^--j-r  =  _-^   ■    ■    (-)■ 

1019.  Case  in  w  Meh  the  rays  pass  from  the  denser  info  the  rarer 
medium. — In  the  case  contemplated  above,  the  rays  t  p  pass  from  the 
rarer  to  the  denser  medium.  If  they  pass  in  the  contrary  direction, 
that  is  to  Bay,  in  tlie  direction  T'  p,  then  the  index  n  from  tie  denser  to 
the  rarer  medium  will  be  less  than  I,  and  the  expression  for  p,  formula 
(a),  will  be  negative,  showing  that  in  this  case  the  focus  lies  to  the 
left  of  the  vertex  b  at  s'.  The  same  formula,  however,  expresses  its 
distance  from  E,  only  that  the  indes  of  refraction  n  is  in  this  case  the 
reciprocal  of  the  index  for  the  rays  passing  in  the  contrary  direction. 
If,  then,  we  express  by  n'  tte  index  of  refraction  from  the  denser  to 
the  rarer  medium,  the  distance  of  e'  from  b  will  be  expressed  by 


It  is  easy  to  show  that  tbe  distance  e'  b  of  the  focus  of  the  rays 
y'  p  from  the  vertex  b  is  equal  to  the  distance  p  o  of  the  focus  r  of 
I  lie  rays  y  r  from  the  centre.     To  show  this,  it  is  only  necessary  to  sub- 

■^titute  -  for  n,  which  is  its  equivalent,  and  we  find 


which  is  the  same  as  the  expression  already  found  for  the  distance  of 
s  from  o,  but  having  a  different  sign,  inasmuch  as  it  lies  at  a  different 
side  of  the  vertex  B. 

1020.  Ralative  position  of  ihe  tteo  principal  foci.  — The  two  foci 
F  and  r'  of  parallel  rays  incident  upon  the  refracting  surface  A  e  c  in 
558 


<Ktoi..,C00^lf 


REFRACTION  AT  SPHERICAL  SURFACES.  89 

opposite  directions,  are  called  the  principal  foci,  one  E  of  the  convcs 
surface,  and  the  other  r'  of  the  concave  surface. 

It  follows  from  what  has  been  just  proved  that  the  distance  of  eaoh 
of  these  foci  from  the  vertex  B  is  equal  to  the  distance  of  the  other 
from  the  centra  o. 

It  follows,  also,  from  what  has  been  here  proved,  that  parallel  rays, 
whether  incident  upoa  the  convex  surface  of  a  denser,  or  the  concave 
surface  of  a  rarer  medium,  will  be  refracted,  converging  to  a  point 
upon  the  ads  in  the  other  medium,  determined  by  the  formulae  above 
obtained. 

1021.  Second  case.  Concave  surface  of  a  denser  medium. — 
The  formula  (a)  and  (e)  are  equally  applicable  to  the  ease  in  which 
the  denser  medium  is  on  the  convex  side  of  the  surface  ABO.  It  ia 
only  necessary,  in  this  case,  to  consider  that  tlie  value  of  n,  for  the 
rays  t  p,  is  less  than  1.  This  condition  show^  that  the  value  of  r, 
given  by  the  formida  (A),  is  negative,  and  consequentlj  that  the  focus 
will  lie  to  the  left  of  the  vertex  B,  as  at  F'.  Now,  since  the  rays  t  P, 
after  passing  the  surface  A  b  c,  have  their  focus  at  ¥',  they  must  be 
divergent,  and  the  focus  f'  will  be  imaginary. 

In  like  manner,  if  the  rays  pass  from  the  rarer  to  the  denser  me- 
dium, in  the  direction  r'  p,  the  value  of  r  will  be  positive,  because 
in  this  case  n  will  be  greiter  than  1,  ind  consequently  the  focus  will 
lie  to  the  right  of  the  vertex  b,  aa  at  r,  the  rays  diverging  from  it 
being  those  which,  by  icfraction,  pass  into  the  medium  to  the  left  of 
the  surface  ABC  The  focus  p,  therefore,  m  this  ease,  is  also  ima- 
ginary. 

The  sB,ia%Jig  326  ,  theiefore,  will  represent  the  circumstances  at- 
tending the  c^=e  in  which  the  denser  medium  is  at  the  convex  side 
of  the  surface,  the  onlj  difieience  leing  that  m  this  latter  case  P  is 
the  focus  of  tbe  rays  y'  p,  and  f'  the  focus  of  the  rays  ¥  r.  The  dis- 
tances of  F  and  f'  from  b  and  0  respectively  will  be  the  same  aa  in 
the  former  case. 

1022.,  Case  of  parallel  rays  passing  from  air  to  glass,  or  vice 
versa.  —  To  illustrate  the  application  of  the  preceding  formulie,  let 
us  suppose,  for  eianipie,  that  die  denser  medium  is  glass,  and  the  rarer 
die,  and  that  consequently  the  value  of  n,  for  rays  passing  from  tlia 

rarer  to  the  denser,  is  ^,  and  its  value  for  rays  passing  from  tlie  denser 

2 

We   have,  consequently,  in  the   case   represented  in  fg.    326., 


that  is  to  say,  the  distance  of  the  principal  focus  of  the  parallel  rays 
H  2  £i&9 


'  p  from  I!  is  three  times  tlie  radius  o  B,  and  consequently  its  distanc 
;  0  from  o  is  twice  its  radius. 
In  like  mannerj  to  find  the  distance  r'  B,  we  have 


and  consequentlv, 

1-'  =  — 2r; 

tliat  is  to  say,  the  distance  f'b  is  equal  to  twice  the  radius,  and  is 
negative,  since  it  lies  to  the  left  of  E. 

In  like  manner,  it  will  follow  that  when  the  aurfaoe  of  the  denser 
medium  is  concave,  B  f'  and  f  0  are  each  equal  to  twice  the  radius  o  E. 
1023.  Bays  diverging  from  the  principal  focus  of  the  convex 
surface  of  a  denser,  or  tM  concave  surface  of  a  rarer  i>}fidium,  or 
canoergimg  to  the  principal  focus  of  the  convex  surface  of  a  rarer, 
or  the  concave  surface  of  a  denser  medium,  are  refracted  parallel. 
—  Since  the  directions  of  the  incident  and  refraot-ed  rays  are  in  ail 
cases  reciprocal  and  interchangeable,  it  follows  that  i^  in  the  first 
case,  where  the  denser  medium  is  on  the  concave  wde  of  the  surface, 
rays  are  supposed  to  diverge  from  either  of  the  foci  s  or  f',  fg.  S26., 
they  will  he  refracted  parallel  to  the  asis  F  B  in  the  other  medium ; 
and  in  the  second  case,  if  rajs  be  incident  npon  the  refracting  surface 
in  direcfioQS  converging  to  F  or  f",  they  will  be  refracted  parallel  to 
the  axis  in  the  other  medium. 

It  may  be  aaied  what  utility  there  caji  be  in  considering  the  case 
of  incident  rays  converging,  inasmuch  as  rays  which  proceed  from  all 
objects,  whether  shining  by  their  own  light,  or  rendered  visible  by 
light  received  from  a  luminary,  must  be  divergent,  each  point  of  such 
objects  being  a  radiant  point,  which  is  the  focus  of  a  pencil  of  rays 
radiating  or  diverging  from  it  in  all  directions. 

It  is  true  that  the  rays  which  proceed  immediately  from  any  ob- 
jects are  divergent,  and  therefore,  in  the  first  Instance,  all  pencils  of 
rays  which  are  mcident  upon  reflecting  or  refracting  surfaces  are  ne- 
cessarily divergent  pencils)  but  in  optical  researches  and  esperiments, 
pencils  of  rays  frequently  pass  succesMvely  from  one  reflecting  or  re- 
fracting surface  to  another,  and  in  these  cases  pendls  which  were 
originally  divergent,  often  are  rendered  convergent,  and  in  thi^  form 
become  pencils  incident  upon  other  reflecting  or  refracting  surfaces. 
In  such  cases  the  pencils  have  imaginary  foci  behind  the  surface  upon 
which  they  are  incident,  such  foci  being  the  points  to  which  they 
would  actually  converge,  if  their  direction  were  not  changed  by  the 
reflecting  or  refracting  surfaces  which  intercept  them. 

1024.  Convergent  and  divergent  surfaces  defined.  —  It  appears 
from  the  preceding  investigation  that  a  spherical  refracting  surface, 
having  a  denser  medium  on  its  concave  side,  always  rendera  parallel 
rays  convergent,  in  whatever  direction  they  are  incident  upon  it;  and 
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that,  on  the  contrary,  a  Spherical  enrfaee,  having  a  denser  medium  at 
its  eoiives  side,  always  renders  parallel  rays  divergent  in  whatever  di- 
rection they  are  inddent  upon  it.  As  these  two  siu-faoes  possess  these 
distinguishing  optical  properties,  it  will  be  convenient  to  express  the 
former  as  a  convergent  refracting  Burfaoe,  and  the  latter  as  a  divergent 
refracting  surface. 

1025.  Effect  of  a  spherical  refracting  surface  on  diverging  and 
converging  raffs.  —  Having  explained  the  conditions  which  determine 
the  position  of  the  foci  of  parallel  rays  incident  on  spherical  reflecting 
surfaces,  we  shall  now  proceed  to  investigate  those  by  which  the  focus 
to  which  diverging  or  converging  pencils  of  incident  rays  are  refracted 
is  detet  mined 

LetABf    fi  "        '^     }  jh      I'ltitn     "iihcf,  of 


4'M.. 


which  the  centre  is  o,  and  the  veitex  b  Let  i  be  the  focus  of  tlie 
pencil  of  incident  rays,  whether  diveigmg  or  converging,  and  let  k, 
he  the  conjugate  focus  of  refiacted  rays,  so  that  the  incident  pen^l 
may  after  refraction  he  converted  into  another  pencil,  dneiging  from 
or  converging  to  the  point  r  The  angle  o  p  i  will  be  the  angle  of 
incidence,  and  the  angle  o  P  £  the  angle  of  refraction 

Let  the  radius  e  0  be  espreased  as  oefoie  by  r,  and  let  tb  and  RB 
be  expressed  respectively  hyyandy. 

We  shall  have,  by  the  principles  of  geometrjj*  jig.  327., 

BP        UP 
OPI  =  BOP  —  BIP  = J, 


-  BOP  —  Bap  =  - 


"/■ 
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But  since  the  angle  of  incidence,  being  small,  is  equal  to  the  a 
of  i-efraetion  mxiltipEed  by  the  indes  of  refraction,  we  shall  Lave 

BP        BP  /BP        BP\ 

Omitting  the  common  numerator  HP,  we  sliall  havo 

From  this  we  infer, 

1       «       I- 


/     /'" 


(c). 


1026.    How  to  find  the  focus  of  refraction  when  the  focus  of 
incidence  is  given.  — By  this  formula,  when  the  distance  of  the  focua 
of  incident  lajs  from  Uie  vertex,  the  radius  of  the  surface,  and  the 
Ixf     f     tntht     f  n  and  r,  are  known,  the  position  of  the 
f  f     fi^  ted  ray    Ih  t       ita  distance  f  from  the  vertex,  can 

Iwyhdtmnl  It  nly  necessary  to  observe,  that  when 
til  1  t  /  bt  d  f  m  the  formula  (c)  is  podtive,  it  is  to  he 
m     ur  d  to  th        ht    f  th     ertex  b,  and  consequently  lies  on  the 

d      f  th      urf  d  that  when  negative  it  should  be  - 

ni  d  t    th    1  f t   f  B,      1  consequently  lies  on  the  convex  side 

of  the  surface. 

When  the  focus  of  incident  rays  I  lies  to  the  right  of  B,  and  there- 
fore on  the  concave  side  of  the  surface,  the  distance /is  positive;  but 
if  I  lie  to  the  left  of  b,  or  on  the  oonves  side  of  the  surface,  thea  f  su 
the  formula  (c)  must  be  taken  negatively.  The  indes  n  is  under- 
stood in  all  cases  to  be  the  index  of  refraction  of  the  medium  from 
which  the  ray  proceeds  to  the  medium  into  which  it  passes;  and  is 
consequently  greater  than  unity  when  the  latter  is  denser,  and  less 
when  it  is  rarer  than  the  former. 

With  this  qualification,  the  formula  (o)  will  determine  the  relative 
position  of  conjugate  foci  in  every  possible  case,  whether  of  conver- 
gent or  divergent  rays,  and  at  whichever  side  of  tiio  surface  the  denser 
medium  may  lie. 

As  an  example  of  the  application  of  this  formula,  let  us  take  the 
most  common  case  of  a  pencil  of  rays  passing  from  air  into  glass. 

If  the  pencil  be  divergent  and  the  refracting  surface  be  convex,  as 
represented  inj^.  328.,  the  distance  of  IB,  the  foous  of  incident  rays, 
from  the  vertex,  will  be  negative,  and  the  value  of  n  will  be  ^. 
Hence  the  formula  (c)  will  become 

_i 1__::^ 

/        2f'  "    2r' 
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From  whence  we  infer, 

/-y-^  ■  ■  (■» 

If  I B,  or/,  therefore,  be  greater  than  twice  tte  radiua,/'  will  lie 
positive,  and  will  therefore  Se  within  the  surface  ab  c  at  a  distance 
from  B  determined  by  the  formula  (d).  In  this  case  the  rajB  diverg- 
ing from  ijfig-  328.,  will  he  made  to  converge  after  re&action  to  R. 

Bat  if  the  distance  r  b  or  /  be  less  than  twice  the  radius,  then  the 
preceding  value  of/'  will  te  negative,  and  must  consequently  ho 
talcen  to  the  left  of  B,  as  at  'B!,Jig.  328.  Consequently,  in  this  case, 
rajs  after  refraction  will  diverge,  a,s  if  they  had  proceeded  from  r'. 

In  fine,  if  r  B  be  equal  to  2  r,  then  the  value  olf  will  ha  infinite, 
which  indicates  that  ia  such  case  the  refracted  rays  are  parallel,  their 
points  of  intersection  bdng  at  an  infinite  distance. 

By  like  reasoning,  the  position  of  the  focus  of  refracted  rays  which 
corresponds  to  every  other  variety  of  position  of  the  focus  of  incident 
rays  may  he  determined. 

Principal  and  secondary  pencils.  —  In  the  preceding  observations, 
the  focus  of  incident  rays  is  supposed  to  he  placed  upon  the  axis  of 
the  spherical  surface.  Such  pencil  is,  as  in  the  case  of  reflectors, 
called  the  prmcipal  pencil,  and  the  axis  the  principal  axis. 

When  iJie  focus  of  a  peneU  of  rays  is  not  on  the  axis  of  the  refract- 
ing surface,  or  if  it  be  a  parallel  pencil  when  its  rays  are  not  parallel 
to  such  asis,  it  is  called  a  secondary  pencil ;  and  its  axis,  which  is 
the  ray  passing  through  the  centre  of  the  refracting  surface,  is  called 
n  secondary  axis. 

The  focus  of  refracted  rays  of  a  secondary  pencil  lies  upon  its  asis, 
and  is  determined  in  the  same  manner  as  in  the  case  of  a  principal 
pencil.  The  rays,  however,  irom  such  a  pencil  will  only  he  refracted 
to  the  same  point  provided  the  distance  of  its  extreme  rays  from  the 
axis,  measured  on  the  spherical  surfitce,  does  not  exceed  a  few  degrees. 
If  the  rays  be  refracted  beyond  this  limit,  they  will  not  he  collected 
into  a  single  pomt,  hut  will,  as  in  the  case  of  reflecters,  be  dispersed 
over  a  certain  space,  and  produce  an  aberration  of  sphericity. 


paoPEUTiES  or  lenses. 

1027.  Lens  defined. — When  a  transparent  medium  is  included 
'een  twO  curved  sutfiices,  or  a  curved  surface  and  a  plane  surface, 
called  a  lem. 
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Lenses  arc  o£  variouB  Bpeoies,  according  to  the  c 
curved  aarfaoea  which  bound  themj  but  those  which  are  almost  cs- 
naed  in  optical  inatrumenta  and  in  optical  esperimenta,  are 
by  gpberieal  surfaces,  and  to  these,  therefore,  we  shall  here 
limit  our  observations. 

Spherical  surfaces,  combined  with  each  other  and  with  plane  sur- 
faces, produce  the  following  six  species  of  leas,  which  are  denomi- 
nated converging  and  diverging  lenses,  because,  as  will  be  esplwned 
hereafter,  the  first  class  render  a  pencil  of  parallel  rays  incident  upon 
them  convergent,  and  the  second  class  render  such  a  pencil  divergent. 
1028.  Three  forms  of  convergitig  lenses,  —  meniscus,  double  con- 
vex, and  plano-convex.  —  ConvergiDg  lenses  are  of  the  three  follow- 
ing species ; — 

I.    The  meniscus.    The  form  of  this  lens  may  be  conceived  to  be 
produced  as  follows :  — 

^  Let  ABC  and  a'  b'  d, 

■^'*-  fig.  329.,  be  two  circular 

m  arcs,  whose  middle  pointe 


-  "H  ^  if  centres  are  o  and  o',  the 

M  radius  o  b  being  greater 

B  than    the    radius   o'   b'. 

omC  Let  the  two  arcs  be  sap- 

lig  320  posed  to  revolve  round  a 

line  o  o'  B  b'  as  au  axis, 

ind  they  will  in  thiu  revolutijn  produce  a  solid  of  the  form  of  the 

neniscus  kns 

It  is  evi'li  ut  fi  im  thit  th  it  the  convexity  a'  e'  o'  of  snch  a  lens  is 

greater  than  its  concavity 

A -.ft-  ABC,  the  radius  o'  b'  of 

/  \  the  convexity  being  less 

/  \  than  the  radius  0  b  of  the 

Ej.    is  concavity. 

*''      II.  Double  convex  le»s. 
The  form  of  this  lens  may 
in  like  manner  be  con- 
ceived to  bo  produced  as 
Fig  ^30  follows:— 

Two  circulai  aics,  A  B  c  and  a'  b'  c',_fig.  330,,  whose  middle  points 
are  b  and  b',  and  whose  centres  are  o  and  o',  being  conceived  to  re- 
volve round  a  line  o  b'  B  o'  as  an  asis,  will,  by  their  revolndon,  pro- 
duce the  form  of  this  lens.  The  convexities  of  the  sides  will  be  equal 
or  unequal  according  as  the  radii  o  b  and  c/  b'  are  equal  or  unequal. 
III.  Plano-convex  lens.  The  form  of  this  lens  may  be  conoeived 
to  be  produced  as  follows  :  — 

Let  a'  e*  o',  Jig.  331.,  be  a  circular  arc,  whose  middle  point  is  b', 
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Fig.  331. 


and  wliose  centre  is  o';  and  let 
A  B  c  be  a  stmglit  line  at  right 
angles  to  b'  o',  whose  middle  point 
ia  B.  If  a  figure  thus  formed  re- 
'  volye  round  the  line  c/  e'  as  an 
axis,  it  ■will  produce  the  form  of  a. 
plano-convex  lens,  the  side  ABO 
being  plane,  and  the  side  A'  b'  c' 

1029.    Three  forms  of  diverg- 
ing   lenses,  —  concavo  -  convex, 
^'        '       '  ises  are  of  the 


double  concave,  and  plan 
three  following  species ;  — 

I.  Concavo-convex  lens.  To  form  this  Isns,  as  before,  proceed  as 
follows : — ■ 

Let  ABO  and  a'  b'  a',  Jig.  332.,  be  two  circular  arcs,  whose  middle 
points  are  b  and  b',  whose  centres  are  O  and  o',  and  whcse  radii  are 
o  B  and  o '  e'  ;  the  latter  being  greater  than  the  former.     If  this  be 


Fig.  332. 

i  to  revolve  round  the  line  o'  o  B  b'  as  an  ads,  it  will  produce 
the  form,  of  a  concavo-convex  lena.  Since  the  radius  of  the  concave 
side  A  B  0  is  less  than  the  radius  of  the  convex  side  a'  b'  cf,  the  con- 
cavity will  be  greater  than  the  convexity. 

II.  Double  concave  lens.     The  form  of  this  lens  may  be  supposed 
to  be  produced  aa  follows ; — 


Let  ABO  and  a'b'c',^^.  333.,  be  two  circular  arcs,  whoso  middle 
points  are  B  and  b',  and  whose  centres  are  o  and  o'.  Let  this  figure 
be  supposed  to  revolve- round  the  line  0  o'  as  an  axis,  and  it  will  pro- 
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dues  tto  foi'm  of  a  double  concave  lens.     The  concavities  will  be 
equal  or  unequal,  according  as  the  radii  o  B  and  O'  B'  are  eqnal  or  nn- 

III.  Plano-concave  lens.    This  lens  may  be  conceived  to  be  pro- 
duced as  follows : — 


Fig.  33.1, 

Let  A  E  C,  Jig.  334.,  bo  a  ciTOular  arc,  whose  middle  point  is  b,  and 
whose  centre  is  o.  Now  let  a'  b'  c/  be  a  straight  line  perpendieulsi 
to  0  B,  whose  niiddle  point  is  b'.  Let  this  figure  be  supposed  to  re- 
volve round  o  B  b'  as  an  asis,  and  it  will  produce  the  form  of  a  plauo- 
concave  lens. 

1030.  The  axis  of  a  Uns.  —  ln  all  these  forms  of  lens  the  line 
o  B  b'  is  called  the  axis  of  the  lens. 

1031.  The  efeel  produced  by  a  lens  on  incident  rays. —  To  deter- 
mine the  effect  produced  oo  a  pencil  of  rays  by  a  lens,  we  shall  first 
fake  the  ease  of  the  menisoua. 


ig.  335. 


Let  o,fig.  335.,  be  the  centre,  and  o  b  the  radius  of  tho  concave 
surface  abg.  Let  o'  be  tho  centre,  and  o'b'  be  the  radius  of  the 
convex  surface  A'  b'  c'.  Let  I  be  the  focus  of  a  pencil  of  raya  inci- 
dent upon  the  surface  ABC.  Lot  k'  be  the  focus  to  which  the  rays 
of  this  pencil  would  be  refracted  by  the  surface  a  b  o,  independently 
of  the  surface  A'  b'  o'. 

Ihe  pencil  whose  focus  is  this  point  K'  will  then  be  incident  upon 
the  second  surface  a'  b'  d  of  tlie  lens,  and  the  rays  from  this  pencil 
being  again  refracted  by  the  second  surface  will  have  another  focus  e, 
which  will  be  the  definitive  focus  of  the  rays  after  refraction  by  both 
Burfaces  of  the  lens. 

In  this,  and  in  all  other  cases  of  lens,  it  will  be  necessary  that  the 
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thicknesa  ee'  of  tlie  lena  may  be  disregarded,  being  inconaiderabla 
conipiired  with,  the  otlier  magnitudes  which  eat«r  into  computation. 

NovT  let  the  distances  of  the  foci  ij  h',  and  a  from  the  middle  point 
B  O)'  b'  of  tte  lena  be  espreased  respectively  by _/",/",  and/";  and 
let  the  radii  o  B  aad  o'  s  he  expressed  by  r  and  r' ;  we  shall  then 
have,  by  what  baa  been  alreaifly  espliuned  respecting  refracting  sur- 
faces, the  following  conditions : 

1      w       I— n 
f     f~      r     ■ 

/"       /'"      /     ■ 

In  this  case  n  is  the  index  of  refraction  from  ut  iiit«  the  medium 
of  the  lens,  and  n'  ia  the  index  of  refraction  from  the  medium  of  the 
lena  into  wr. 

By  what  has  been  already  explained,  these  two  indices  are  recipro- 
cals, and  o^asequently  their  product  is  equal  to  unity,  so  that  we  shall 
have  MX  »'  =  1. 

lHo-^  if  we  multiply  the  latter  equation  by  w,  we  shall  have 


/"    /' 

e  n  X  m'  =  1,  this  will  become 

n       1       n  —  l 

f"      f-     r'     ' 

jining  this  with  the  lirst  equation  wi 

1  »M1  liave 

1       1        1_.       1_„ 

•     •    (■)• 

/  /'" 

By  those  conditions  the  distance /"'  can  always  he  determined  when 
f,  r,  r',  and  n  are  known ;  that  ia  to  say,  the  position  of  the  focus  of 
refracted  rays  oau  always  be  determined  when  the  position  of  the 
focus  of  incident  rays,  the  radii  of  the  lens,  and  the  index  of  refrac- 
tion are  known. 

This  formula  (e),  by  a  due  attention  to  the  signs  of  the  quantities 
^'hioh  compose  it,  may  be  applied  to  lenses  of  every  species.  If  the 
focus  of  incident  rays  lie  to  the  right  of  tiie  lens,  aa  mfg.  335.,/ 
must  he  taken  to  be  positive ;  if  to  the  left  of  the  lens,/  must  be 
taken  negatively.  If  the  centre  of  either  surface  lie  to  the  right  of 
the  lens,  the  radius  will  be  taken  positively ;  and  if  to  the  left  of  the 
Jiins,  it  will  be  taken  negatively.  If  one  of  the  surfaces  of  the  lens 
be  a  plane  surface,  it  may  be  considered  as  having  an  infinite  radius; 
and  accordingly,  the  term  of  the  equation  (e)  in  the  denominator  of 
which  such  radius  enters  will  become  equal  to  0,  and  will  therefore 
disappear  from  the  equation. 

When  the  value  of/',  which  determines  the  distance  of  the  fooos 


of  refracted  raja  fuom  b,  will  liavo  been  found  by  tlie  equation  (e),  it 
must  be  taken  to  the  right  of  the  point  b  if  it  be  positive,  and  to 
the  left  if  it  be  negative. 

1032.  To  determine  the  principal  focus  of  a  lens.  —  If  the  inci- 
dent rays  whose  focus  is  I  he  refracted  parallel,  then  the  distance  f 
of  the  focus  of  refraction  from  b  will  he  infinite,  and  consequently,  we 

shall  have  —  =  0.     Now,  in  this  case,  i  wiU  he  the  principal  focus 

for  parallel  rays  incident  upon  the  surface  a'  b'  c'.     Let  this  he  es- 


d  by  s,  and  we  shall  have  by  the  equation  (b) 
1_1_H       l-^n 
F~      r  r'     ' 

from  which  wo  infer, 

rr' 


(r). 


"  (1-n)  {/- 

a  fonnula  by  which  the  distance  of  the  focus  of  pavallcl  rays  incident 
upon  a'  b'  d  can  always  be  calcnlated. 

If  the  incident  rays  he  parallel,  their  focus  I  wiU  be  at  an  infinite 

distance,  and  wo  shall  have  —  =  0.     In  this  case,  the  focus  s,  will 
he  the  principal  focus  of  the  parallel  rays  incident  upon  the  surfaea 

ABC. 

Let  the  distance  of  this  focus  from  i 
shall  find  as  heforo  from  equation  (e), 

Thus  it  appears  that  F  and  ^  differ  in  nothing  save  in  their  sign, 
the  one  being  positive  and  the  other  negative;  the  inference  from 
which  is,  that  parallel  rays,  whether  incident  on  the  one  or  the  other 
surface  of  a  lens,  will  he  refracted  to  points  equally  distant  from  the 
lens,  but  on  opposite  sides  of  it. 

1033.  The  focal  length  of  a  lens. — The  common  distance  of 
these  principal  foci  from  the  lena  is  called  the  focal  distance  or  focal 
length  of  the  lens. 

1034,  The  meniscus,  double  convex.,  and  plano-convex,  are  con- 
vergent lenses.  —  If  the  lens  be  a  meniBcm,  and  composed  of  a  re- 
fracting substance  more  dense  than  air,  it  will  render  a  parallel  pencil 
incident  upon  either  of  its  surfaces  convergent,  and  its  principal  foci 
will  consequently  be  real.  This  follows  as  a  consequence  from  the 
formuUe  (r)  and  (g);  for  in  the  case  of  a  meniscus,  /  is  less  than 
r,  and,  consequently,  the  value  of  f  given  hy  the  formula  (f)  is  posi- 
tive, and  the  value  of  r'  given  by  the  formula  (o)  is  negative;  oon- 
Boquently,  the  focus  of  parallel  rays  incident  upon  a'  b'  (/  lies  to  the 
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riglit  of  the  lens,  and  the  focus  of  parallel  raya  ineideut  on  a  e  0 
lies  to  the  left  of  it.  Parallel  rays  are  therefore  rendered  oonvergeat 
after  refraction,  and  the  foci  are  real  in  whichever  direction  they  may 
■pass  throQgh  such  a  lens. 

It  is  easy  to  show,  that  the  same  will  be  true  for  douhle  coavei 
and  plano-convex  lenses.  In  the  case  of  double  convex  lenses,  the 
radius  r  is  negative  and  r'  positive ;  the  consequence  of  which  is,  that 
the  value  of  P  is  positive,  and  e'  negative.  In  the  case  of  plano- 
convex lenses,  the  radius  r  is  infinite,  and  the  formuho  (r)  and  (g) 


Thus  it  appears,  that  in  all  the  three  forms  of  convergent  lens, 
parallel  rays,  whether  incident  on  the  one  surface  or  on  the  other, 
are  refracted,  converging  to  a  focus  on  the  other  side  of  the  lens ;  and 
the  foci  in  al!  such  cases  ai'e  consequently  real. 

1035.  Concavo-convex,  double  concave,  and  plano-concave,  are 
divergent  lemes.  —  It  is  easy  to  show,  by  the  same  formula,  that 
parallel  rays  inoident  on  every  species  of  divergent  lens  wiU  he  re- 
fracted diverging  from  a  point  on  the  same  side  of  the  lens  as  that  at 
which  they  are  incident. 

In  the  case  of  the  concavo-convex  lens,  the  radius  r'  is  greater  than 
the  radius  r ;  and  dnce  n  is  greater  than  1,  the  value  of  r  (given  iu 
the  formula  f)  will  be  negative,  and  the  value  of  p'  (given  in  the 
formula  g)  positive.  Thus  it  appears  that  the  principal  focus  of 
parallel  rays  incident  on  the  surface  ABCfJig.  332.,  will  be  to  the 
right  of  n,  and  the  principal  focus  of  the  rays  incident  on  the  surface 
a'  b'  c"  to  the  left  of  B,  the  foci  in  each  case  being  at  the  same  side 
of  the  lens  vrith  the  incident  raya;  and,  consequently,  being  in  Bach 
case  imaginary. 

In  the  case  of  the  double  concave  lens,  the  radius  /  is  negative ; 
and  since  n  is  greater  than  1,  the  value  of  p  will  be  negative,  and  that 
of  /  positive. 

In  the  case  of  the  plano-concave  lens,  the  value  of  r'  is  infinite , 
and  since  n  is  greater  than  1,  s  will  be  negative,  and  p'  positive. 

Thus  it  appears  that  in  all  the  forms  of  divergent  lenses,  parallel 
rays  incident  upon  their  surfeees  are  refracted,  diverging  from  a  focus 
on  the  same  side  of  the  lens  as  that  at  which  they  are  incident. 

It  is  from  this  property  that  the  two  classes  of  convergent  and 
divergent  lenses  have  received  their  denomination  j  and  it  is  evident, 
therefore,  that  the  meniscus  and  plano-convex  lens  are  optically 
equivalent  to  a  douhle  convex  lens,  and  that  the  concavo-convex  and 
pliino-eoncave  lens  aie  optically  equivalent  to  a  double  concave  lens. 

1036.  Case  of  a  lens  leilh  equal  radii  and  convexities  in  the  same 

direction.  —  Among  the  varieties  presented  by  the  preceding  formulse, 
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there  is  an  eseeptional  case  wliich  n>quiri,t  n  jticc  If  Hip  railii  of  the 
two  surfaces  of  a  lens  be  equal,  inJ.  then  cenfies  be  both  at  the  same 
side  of  the  lens,  the  leES  will  hold  an  intermediate  place  between  a 
menisous  and  a  concavo-oonves  In  tho  former,  the  radius  of  the 
convex  surface  ia  less  than  that  of  the  concave  surface,  and  in  the 
latter,  the  radius  of  the  concave  surface  is  less  than  that  of  the  con- 
vex surface.  These  radii  migtt,  however,  be  in  each  case  as  nearly 
equal  as  possible,  the  lenses  actually  retaining  tiieir  specific  characters. 
Each  species,  therefore,  would  approach  indefinitely  to  an  intermediate 
lens  whose  aurfeces  would  have  equal  radii. 

It  is  evident  that  the  condition  which  would  reader  equal  the  radii 
r  and  r',  and  give  them  the  same  sign,  would  render  both  the  focal 
distances  F  and  s'  infinite,  their  denominators  being  nothing. 

To  comprehend  this  it  is  only  necessary  to  consider  that  iu  the  case 
of  the  meniscus  and  the  concavo-convex  lens,  the  more  nearly  equal 
the  radii  r  and  r'  are,  tlie  less  will  be  the  denominators  of  flie  values 
of  F  and  f'  ;  and,  consequently,  the  greater  will  be  these  values  them- 
selves, and  if  we  suppose  the  difference  between  the  radii  to  be  in- 
finitely diminished,  the  values  of  p  and  f'  will  be  infinitely  increased. 
These  conditions  lead  to  the  inference  that  if  the  radii  of  the  two  sur- 
fecea  be  equal,  the  focus  of  parallel  rays  incident  upon  these  two 
surfaces  will  be  infinitely  distant  from  the  lens,  that  is  to  say,  parallel 
rays  will  be  refracted  parallel. 

Thus  it  appears  that  a  lens  formed  by  spherical  surfaces,  whose 
radii  are  equal,  and  whose  centres  lie  at  the  same  side  of  the  lens, 
will  have  no  effect  on  the  direction  of  rays  proceeding  through  it,  and 
that  such  lens  will  be  equivalent  to  transparent  plates  with  pai-allel 
sarfaces. 

An  example  of  such  a  lens  i^  this  is  presented  in  the  usual  form 
of  a  watch-glass, 

1087.  Lenses  may  be  solid  or  liquid.  —  Lenses  may  be  composed 
of  any  transparent  substance,  whether  solid  or  liquid. 

If  they  to  composed  of  a  solid,  such  as  glass,  rock  crystal,  or 
diamond,  they  mvst  be  ground  to  the  required  form,  and  have  then: 
surfaces  polished;  if  they  be  composed  of  liquid,  they  must  then  be 
included  between  two  lenses,  such  as  has  been  just  dcEcritod,  having 
themselves  no  refracting  power,  and  having  the  form  required  to  ba 
given  to  the  liquid  lens. 

Thus,  two  watch-glasses,  placed  with  their  concavities  towards  each 
other,  and  so  inclosed  at  the  sides  as  to  be  capable  of  holding  a  liquid, 
would  form  a  double  conves  liquid  lens.  If  their  convexities  were 
presented  towards  each  other,  they  would  form  a  double  concaye  liquid 

1038.  Rules  for  finding  the  focal  length  of  lenses  of  glass.  — 
The  material  almost  invariably  used  for  the  formation  of  lenses  in 
optic^  instruments  being  glass,  it  will  be  useful  here  to  give  the 
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prmeipal  foriiiul^i,  ftliowing  tho  positign  of  the  focus  iu  lenses  of  tliis 
material. 

In  the  ease  of  glMS,  the  indax  of  refraetiou,  the  incident  rays  being 
supposed  to  pass  from  air  into  that  medium,  is  J ;  tho  formulse  (e) 
and  (r)  therefore,  in  this  ease,  hccorae 

J  =  ^^—p  .    .    .    (.'). 
By  the  latter  formula,  the  focal  length  of  a  glass  lens  can  always  he 

In  its  application,  however,  it  is  necessary  (o  observe  that  when  the 
convesities  of  the  surface  of  the  lens  are  tnrned  in  opposite  direc- 
tions, as  in  the  eases  of  double  convei  and  double  concave  lenses,  the 
denominator  will  he  the  sum  of  the  radii;  and  if  tJiey  are  turned  in 
the  same  direction,  as  in  tho  case  of  tlio  meniscua,  and  the  concavo- 
convex  lens,  it  will  be  the  difference,  of  the  radii.  The  following 
general  rule  will  always  serve  for  the  determination  of  the  focus  when 
both  surfaces  of  the  lens  are  spherical 


Divide  twice  the  product  of  the  radii  by  tlieir  difference  for  lite 
meniscus  and  caneavo-eonvex  lenses,  and  hy  tlieir  sum  for  the  double 
convex  and  dtmJjle  concave  lenses.  The  quotient  will  in  each  cuie  he 
the  focal  length  sought. 

To  find  the  focus  of  a  plano-convex  or  a  plano-concave  lens,  we  are 
to  consider  that  it  has  been  already  proved  that  the  focal  length  is 
given  by  tho  formula 


that  is  to  say,  the  focal  length  of  a  plano-convex  or  plano-concave  lena 
is  doable  the  radius  of  the  convexity  or  concavity. 

If  a  double  conves  or  double  concave  lens  have  equal  radii,  then  the 
formula  (f')  b 


The  food  length,  therefore,  of  such  a  lens  is  equal  to  the  radius  of 
either  sui'faee, 

i2  ATI 


For  the  same  class  of  lens  tlie  formula  (i/) 

wliere  r  espressea  the  common  magnitude  of  the  radii  of  the  two  sur- 
faces.    Prom  this  we  infer, 

wliich  supplies  the  following  rule  for  finding  the  focua  of  refracted 
tays,  when  the  focus  of  incident  raja  is  given. 


Multiply  the  common  radius  of  t!te  two  surfaces  hy  the  distance 
of  the  focus  of  incident  rays  from  the  lens,  and  divide  the  product 
by  ihc  difference  between  the  radius  and  t]ie  distance  of  tlie  focus  of 
incident  rays  from  the  lens. 

Jf  the  distance  of  the  focus  of  incident  rays  from  the  lens  in  this 
case  he  less  than  the  radius,  the  value  of  y  will  be  positive,  and  the 
focus  of  refracted  rays  will  lie  at  the  same  side  of  the  lens  with  the 
focus  of  incident  rays;  but  if  the  value  of^  he  greater  than  r,  then 
the  value  atf  will  be  negative,  and  the  focus  of  refracted  rays  will  lie 
at  the  other  side  of  the  lens. 

1039.  Case  of  secondary  peneiJs.— -We  have  hero  considered  those 
cases  only  in  which  the  focus  of  the  incident  pencil  is  placed  upon 
the  axis  of  the  lens,  or  of  pencils  whose  rays  are  parallel  to  that  asia. 
The  focHS  of  the  refracted  rays  may,  however,  he  determined  by  the 
same  formula  for  secondary  pencils  whose  axes,  paa.sing  through  the 
centre  of  the  lens  b,  are  inclined  to  its  axis,  provided  only  the  incli 
nation  be  not  so  great  as  to  produce  such  spherical  aberration  as  may 
prevent  the  rays  from  Laving  an  exact,  or  nearly  exact,  foous. 

1040.  Field  of  a  lens.  Opening  of  a  (ens.— If  xx',j%.  336.,  he 
tbe  axis  of  the  lens,  and  Y  T  be  the  greatest  angle  at  which  the  axis 
of  the  secondary  pencil  can  be  inclined  to  x  x',  so  that  the  rays  may 
have  a  nearly  esact  focus,  the  angle  included  between  the  two  second- 
ary pencils  Y  y'  is  called  the_^eZi  of  the  lens. 
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The  angle  formed  by  lines  drawn  ftom  the  edge  of  the  lens  to  its 
principal  focus  is  called  the  ffpening  of  the  lens ;  and  tliia  opening  can- 
not in  general  exceed  10°  or  12°  without  producing  an  aberration  of 
Bphericity,  wbieh  would  prevent  the  rays  of  the  pencil  incident  upon 
it  from  having  an  esact  focus. 

1041.  Images  formed  by  lenses.  —  The  images  of  objects  formed 
by  lenses  are  explained  upon  the  same  principles  as  have  already  beea 
applied  to  the  ease  of  spherical  surfeecs.  If  an  object,  wbetier  it  be 
self-luminoua  like  the  sup,  or  receive  light  from  a  luminary  like  the 
moon,  be  placed  before  a  lens,  each  point  upon  its  surface  may  be 
considered  as  a  point  from  which  ligfit  radiates  in  all  directions.  Such 
a  point  will  be  then  the  focus  of  a  diverging  pencil  incident  upon  the 
lens,  thebase  of  the  pencil  being  the  surface  of  the  lens. 

if  the  pencils  which  thus  diverge  from  all  points  of  the  object  be 
rendered,  after  refraction  by  the  lens,  convergent,  they  will  have  real 
foci  on  the  other  side  of  the  lens,  and  the  assemblage  of  such  foci 
will  form  an  image  of  the  object.  Bnt  if  these  pencils,  after  pass- 
ing through  the  lens,  be  divergent,  their  foci  will  be  imaginitry,  and 
will  be  placed  at  the  same  side  of  the  lens  with  the  object. 

These  pencils  would  in  such  case  be  received  by  an  eye  on  the 
other  side  of  the  lens  as  if  they  had  originally  proceeded  from  these 
points,  which  are  the  foci  of  the  refracted  pencils. 

The  assemblage  of  these  points  would  thus  form  an  imaginary 
image. 

All  these  circumstances  are  analogous  to  those  which  have  been 
already  explained  in  the  case  of  reflectors.  They  will,  however,  be 
rendered  still  more  intelligible  by  explaining  their  application  to 
glass  lenses. 

1042.  Everi/  lens,  whatever  he  its  form,  can  ie  represented  iy  a 
double  comes:  or  double  concave  lens  leilA  equal  radii.  —  Since  all 
converging  lenses,  having  eqnal  focal  lengths,  are  optically  equivalent, 
a  double  convex  lens  with  equal  radii  can  always  be  assigned,  which 
J8  the  optical  equivalent  of  any  proposed  oonver^ng  lenS,  whether  it 
be  meniscus,  double  convex  with  unequal  radii,  or  plano-convex. 

Since,  in  like  manner,  all  diverging  lenses  having  equal  focal 
lengths  are  optically  equivalent,  a  double  concave  lens  with  equal 
radii  may  always  be  assigned,  which  is  the  optical  equivalent  of  any 
proposed  diverging  lens,  whether  it  be  concavo-convex,  double  con- 
cave with  unequal  radii,  or  plano-concave. 

1043.  Image  farmed  by  double  convex  lens.' — It  will  therefore  be 
sufficient  to  investigate  the  effects  of  double  convex  and  double  con- 
cave lenses  with  equal  radii. 

Let,  ABC,  fg.  337-,  therefore,  be  a  double  convex  lens,  with  equal 
radii ;  and  let  L  M  be  an  object,  the  centre  of  which  is  upon  the  axis 
oi  (he  lens,  and  placed  beyond  tlie  principal  focus  p.  Let  the  distance 
of  this  object  from  B  be  expressed  by/;  let  the  distance  of  its  image 


be  /',  and  the  focal  length  of  the  lens,  or  its  ra<3iua 
has  been  already  exolained,  we  shall  have 
1  _  1  _  1_ 

and,  therefore, 

Since  the  distance  of  the  object  from  the  lena 
greater  than  bp,  we  sliaJl  have /greater  than  r;  and  consequently/' 
will  be  negative,  which  indicates  that  the  image  of  l  m  will  lie  on  tie 
other  side  of  the  lena. 

It  appears  also,  by  the  preceding  formula,  that  the  distance  /  of 
the  image  from  the  lens  will  be  greater  than  r,  and  the  image  Im 
will  therefore  lie  beyond  the  point  p'. 

If  we  draw  L  B  i,  tiiis  line  will  be  the  secondary  asis  of  the  pencil 
whose  focus  is  at  L,  and  consequently  the  focus  of  refracted  rays  will 
be  at  ? ;  so  that  an  image  of  the  point  L  will  be  formed  at  I.  In  like 
manner  it  may  be  shown,  that  an  image  of  the  point  m  will  be  formed 
at  m;  and  in  like  manner  the  images  of  all  the  points  of  the  object, 
Buch  as,  1,  2,  3,  4,  5,  between  L  and  M,  will  be  formed  at  correspond- 
ing points  1,  2,  3,  4,  5  between  I  and  m.  It  is  evident,  therefore, 
that  in  this  case  the  image  will  be  inverted. 

1044.  Conditions  ichich  delermine  tlie  magnitude  of  the  image.  — 
Since  the  axis  of  the  extreme  secondary  pencils  l  I  and  M  m  intersect 
at  the  centre  of  the  lens,  we  shall  have  tte  following  proportion ; — 

LM  :  Im  -. :  lb  :  Ib; 
or,  which  is  the  same, 

LM  :  In  ■.■./■./; 
that  ia  to  say,  the  magnitude  of  the  object  is  to  that  of  Its  image,-  aa 
their  distances  respectively  from  the  lens.     The  image,  therefore, 
will  be  greater,  equal  to,  or  less  than  the  object,  according  as  f  ia 
greater,  equal  to,  or  less  than/ 

Now,  it  appears  by  the  preceding  formula,  tbat  if/be  equal  to  2  r, 
/'  wilt  also  be  eqt^  to  2  r;  that  is,  if  fie  distance  of  the  object 
from  the  lens  be  twice  the  focal  length  of  the  lens,  the  distance  of 
574 
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the  image  on  the  otter  side  of  the  lens  will  also  be  twice  the  focal 
leagth ;  the  image,  therefore,  ic  this  case  will  be  equal  to  the  object. 

An  object  L  M  being  moved  towards  F,  so  as  to  have  leas  distance 
from  the  lens  than  twice  its  focal  length,  the  value  /'  ^ven  by  the 
preceding  formula  becomes  greater  than/,  and  increases  as  the  object 
approaches  r.  It  appears,  therefore,  that  as  l  m  approaches  f,  its 
image  I  m  recedes  from  p*  in  the  direction  e'  x',  and  that  consequently 
the  distance  of  the  image  from  the  lens  being  greater  than  that  of 
the  object,  its  magnitude  will  be  greater  in  the  same  proportion. 

When  the  object  L  M  comes  very  near  r,  the  denominator  in  the 
preceding  formula  becoming  very  small,  the  magnitude  of  /'  becomes 
very  great,  and  if  we  suppose  LM  to  arrive  at  r,  then  the  denomi- 
nator becomes  o,  the  value  of  /'  becomes  infinite,  and  consequently 
tho  image  Im  would  recede  to  an  infinite  distance  from  the  lens,  and 
in  effect  cease  to  exist. 

This  circumstance  is  only  what  might  have  been  anticipated ;  for 
when  an  object  LM  is  placed  at  p,  a  pencil  of  rays  proceeding  from 
any  point  in  it,  such  as  l,  will,  after  passing  through  the  lens,  become 
parallel ;  and  having  no  point  of  convergence,  it  cannot  form  an  image 
of  the  pencil  1. ;  and  the  same  will  be  true  of  any  point  in  the  object. 

But  although  no  image  of  the  object  thus  placed  in  the  principal 
focus  of  the  lens  will  thus  be  formed,  the  lens,  in  such  a  petition 
vrith  reference  to  the  object,  is  attended  with  optical  effects  of  great 
importance,  which  will  be  explained  hereafter. 

Let  us  again  suppose  an  object  L  M  placed  at  a  distance  from  the 
lens  equal  to  twice  its  focal  length,  and  the  image  I  m  placed  at  an 
equal  distance  at  the  other  side  of  the  lens.  If  we  now  suppose  the 
object,  instead  of  approaching  r,  to  recede  from  it  in  the  direction 
r  X,  the  distance /being  greater  than  2  r,  it  follows  that  tho  magai- 
tude  of/'  will  be  less  than  2  r;  .and  the  farther  the  object  LM  is  re- 
moved from  the  lens,  and  consequently  the  more  its  distance  from  the 
lens  exceeds  twice  the  focal  length,  the  nearer  will  the  image  I  m  ap- 
proach to  P'. 

1045.  Images  ofvf.ry  distant  objects  are  formed  at  the  principal 
focus.  —  If  we  suppose  the  object  l  m  to  recede  to  a  distance  actually 
infinite,  then  the  ralue  of  /'  would  become  equal  to  r,  and  the  image 
I  m  would  coincide  with  the  principal  focus  l'.  This  would  lead  to  die 
jnferencethattheimageof  a  distant  object  can  never  be  in  the  principal 
focus  of  the  lens,  because  such  a  supposition  would  involve  the  con- 
dition that  the  distance  of  the  object  must  be  actually  infinito. 

But-,  pracliealiy,  it  is  found,  tJiat  if  the  diameter  of  tho  lens  beai 
an  insignificant  proportion  to  the  distance  of  the  object  from  it,  the 
im^  of  the  object  will  be  formed  at  its  principal  focus.  This  is 
easily  explained  by  reference  to  the  conditions  which  determine  the 
poM.tion  of  the  principal  focus. 

It  will  be  recollected,  that  the  point  f'  is  the  focus  to  which  paral- 
5T5 
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lei  raya  incident  upon,  tte  lena  abc  would  lie  made  to  converge. 
Now,  if  L  M  be  so  distant  from,  the  lens  that  the  rays  prooeeiiing  from 
any  point  upon  it,  such  as  L,  and  incident  npon  the  lens,  may  be  con- 
sidered aa  parallel,  thfese  rays  will  converge  to  the  priaoipal  focus. 

This  will  be  the  oaee,  provided  that  the  diameter  of  the  lens,  which 
is  that  of  the  base  of  the  pencil,  is  incomparably  leas  than  the  dis- 
tance of  the  object  from  the  lens.  Thna,  let  us  suppose  the  diameter 
of  the  base  to  be  4  inches,  and  the  distance  of  the  object  to  be  80 
feet;  the  distance  will  in  this  ease  be  240  times  the  diameter  of  t3i« 
lens,  and  the  angle  of  divergence  of  the  pencil  would  O' 
less  than  a  quarter  of  a  degixse.  A  pencil  which  has  8 
encB  as  this  would  be  refracted  to  a  point  not  sensibly  different  from 
the  principal  focuB. 

It  is  evident,  that  as  an  object  recedes  to  an  increaaug  distance 
from  the  lens,  the  image  approaching  the  principal  focns  f'  diminishes 
in  magnitude  in  proportion,  to  the  distance  from  the  lens ;  and  when 
the  imago  is  formed  at  the  principal  focus,  the  lines  i  B,  m  B  drawn 
from  its  extremities  to  the  centi-e  of  the  lens  will  form  an  angle  equal 
to  that  which  would  be  formed  by  lines  drawn  from  the  estremities 
of  the  object  to  the  same  point. 

1046.  Experimental  illuslralions. — All  these  circumstances  admit 
of  easy  experimental  verification.  Let  p  be  a  point  on  the  asis  at  a 
distance  from  B  equal  to  2  B  P,  so  that  p  F  shall  be  equal  to  B  F.  — 
Let  the  flame  of  a  candle  be  held  at  l  m  between  r  and  P,  the  lens 
AO  being  inserted  in  an  aperture  formed  in  a  screen  so  as  to  eselude 
the  light  of  the  candle  from  the  space  to  the  left  of  the  len  If  a 
white  screen  be  held  at  right  angles  to  the  axis  and  behind  th  i  n 
and  he  moved  to  and  fix),  until  a  distinct  inverted  image  of  th  11 

shall  be  seen  upon  it,  its  distance  from  the  lens  when  this  tak     pi 
will  he  found  to  be  gi-eater  than  twice  the  focal  length,  and  t       rre 
spond  exactly  with  that  which  would  be  computed  by  the  p       d 
formula.     If  the  candle  be  moved  towards  P,  the  image  will  b      u 
indistinct  \ipon  the  screen,  but  will  recover  its  distinctness  bi  m  vi  g 
the  screen  towards  p';  and  if  the  candle  be  placed  at  p,  th  n 

being  placed  at  a  distance  from  B  equal  to  twice  B  r",  a  distin  t  mag 
will  be  foiTiied  on  the  screen  equal  in  magnitude  to  the  olj  t  If 
the  candle  be  moved  from  p  towards  X,  the  sci-een  must  b  m  d 
towards  s'  to  preserve  the  image  distiaet ;  and  if  &e  candle  b  lu 
ally  moved  in  the  direction  v  x,  the  screen  must  be  oontimaally  m  d 
towards  p'.  If  the  candle  be  moved  to  so  great  a  distance  from  the 
lens  that  the  diameter  of  the  lens  shall  have  an  insignificant  propor- 
tion to  its  distance,  then  a  distinct  image  will  be  formed  on  the  screen 
placed  at  the  principal  foons  p'.  If  the  candle  be  placed  at  the  prin- 
dpal  focus  r,  then  the  screen  will  show  no  image  of  it  in  whatever 
position  it  may  be  placed  behind  the  lens,  but  will  eshibit  merely  an 
illuminated  disk  formed  by  pai'allel  rays  compiling  the  refracted 
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pencils  into  which  the  pencils  proceeding  from  such  point  of  the 
candle  are  convei'ted  by  the  lens. 

Let  U3  now  suppose  such  object  placed  at  l  M,.yJg.  338.,  between  the 
principal  focus  r  and  the  lens.     In  this  case,  /  being  less  than  r,  the 


value  of/'  obtained  by  the  preceding  formula  will  be  positive,  and, 
consequently,  the  focus  of  refracted  rajs  will  lie  at  the  same  side  of 
the  lens  with  the  focus  of  incident  rays.  If  then  the  pencil  of  rajs 
diverging  from  Lpass  through  the  lens,  it  will  after  refraction  diverge 
from  the  point  I,  more  distant  from  the  lens  than  l.  In  like  manner, 
the  pencil  diverging  from  M  will  after  passing  through  the  lens  diverge 
from  m;  and  the  same  will  be  true  of  all  the  intermediate  points  of 
tho  object,  so  that  the  various  pencils  which  diverge  from  differ- 
ent points  of  the  object  and  pass  through  the  lens  will  after  refrac- 
tion diverge  from  the  corresponding  points  of  Im.  The  image,  there- 
fore, in  this  case  will  be  imaginary,  and  an  eye  placed  to  the  left  of 
the  lens  ABO  would  receive  the  rays  of  the  various  pencils  as  if  they 
diverged,  not  from  a  point  of  the  object  L  M,  hut  from  puinta  of  the 
imaginaiy  image  I  m. 

The  magnitude  of  the  image  in  this  case  will  be  greater  than  the 
object  in  the  same  proportion  as  ?  B  is  greater  than  L  B. 

As  the  object  LM  is  moved  towards  s,  its  distance /from  the  lens 
will  approach  to  equality  with  r,  and  the  denominator  of  /'  in  the 
preceding  formula  diminishes,  and  consequently  the  distance  of  its 
image  from  the  lens  will  be  proportionally  increased;  therefore,  as  the 
object  L  M  is  moved  towards  F,  its  image  Im  will  recede  indefinitely 
from  the  lens,  and  would  become  infinite  in  distance  and  magnitude 
when  the  object  arrives  at  p,  which  is  consistent  with  what  has  been 
already  esplained  of  the  principal  focus. 

It  appears,  therefore,  that  whenever  the  object  is  between  the  prin- 
cipal focus  and  the  lens,  its  image  will  he  at  a,  greater  distance  from 
the  lens  on  the  same  side  of  it,  and  will  be  erect,  imaginary,  and 
greater  than  the  object. 

1047,  Images  formed  hy  concave  lenses.  —  If  an  object  'Lit, Jig. 
339.,  be  placed  before  a  double  concave  lens  a  b  c,  the  focus  corre 
sponding  to  the  several  points  of  the  object  will  lie  between  the  object 
and  the  lens,  at  distances  determined  by  the  formula 

f'='l¥f  677 


It  is  evident  from  this  formula  that/'  is  less  than/  and  that  con- 
sequently the  distance  of  the  image  t  m  from  the  lena  is  less  than  the 
distance  of  the  object  from  it.  It  appears  also  that  the  distances 
/and/'  increase  and  diminish  together,  so  that  when  the  distance  of 
an  object  from  the  lens  L  M  is  augmented,  the  distance  of  its  image 
Im  will  also  be  augmented.  But  the  distance  of  the  image  irom  the 
lens  can  never  he  greater  than  the  focal  length  of  the  lens,  because, 
as  the  distance  of  the  object  is  indefinitely  increased,  the  yalue  of/' 
obbuned  from  the  formula  approaches  indefinitely  to  equality  with  r, 
though  it  can  only  become  equal  to  it  when  the  distance  of  the  object 
becomes  infinite. 

1048.  Spherical  aberration.  —  We  have  hitherto  considered  that 
the  pencils  of  rays  proceeding  from  the  lens  were  bronght  to  an  exact 
focus,  and  this  would  be  practically  the  case  if  the  angles  of  incidence 
of  the  extreme  rajs  of  the  pencils  do  not  exceed  a  certain  limit;  but 
if,  from  tJie  magnitude  of  the  lens,  or  the  proximity  of  the  object, 
this  be  not  the  case,  effects  will  be  produced  which  haire  been  called 
spherical  aberralion,  which  it  will  be  necessary  here  more  clearly  to 
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Fig.  341. 

)  incident  rays.     Let  a  circular  disk  of  card  or  suft- 
oiently  thick  paper  be  formed,  a  little  leas  in  diameter  than  the  Ions, 
and  let  it  be  attached  concentiieally  with  the  lens  upon  the  plane  side, 
so  as  to  leave  a  nan-ow  ring  of  the  glass  uncovered  round  the  ed; 
the  loQs,  as  represented  'lafig.  341. 
If  this  lens  be  now  presented  to  a  distant  object,  such  as  the 
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ikjne  but  the  extreme  rays  of  each  pencil  ■will  pass  through  it,  anci  an 
image  will  be  formed  of  the  sun  by  these  esfreme  rays  at  p,  which 
will  therefore  he  the  priocipal  focua  of  an  annulus  of  parallel  rays 
passing  througfa  the  edge  of  the  lens.  Now  let  another  circular  piece 
of  paper  or  card  he  cut  ao  as  to  cover  an  annular  surface  surrounding 
the  edge  of  the  lens,  and  another  to  cover  the  central  portion  of  it, 
so  as  to  leave  a  ring  of  the  surface  uncovered  at  some  distance  within 
the  edge,  aa  represented  injig.  S42.  The  lens  being  again  presented 
to  the  suUj  it  will  be  found  that  an  image  will  he  formed  at  's',Jig. 
3iO.,  somewhat  more  distant  from  tho  lens  than  F. 


If,  in  fine,  a  disk  of  card  be  out,  equal  in  magnitude  with  the  lena, 
having  a  small  circular  aperture  at  its  centre,  as  represented  in  fig. 
3i3.,  and  be  in  the  same  manner  attached  to  the  lens,  so  aa  to  allow 
oaly  the  central  rays  of  each  pencil  to  pass,  an  image  of  tho  sua  will 
be  formed  at  F",_fe.  340.,  still  further  from  the  lens. 

It  appears,  therefore,  that  those  rays  of  the  pencil  which  are 
nearest  the  centre  'will  have  a  foous  further  from  the  lens  than  those 
which  are  more  distant  from  it,  and  the  more  distant  the  rays  of  each 
pencil  are  from  the  asia  of  the  lens,  the  nearer  their  foous  will  be  to 
the  lens. 

If  the  lens  being  uncovered  he  therefore  presented  to  the  sun,  the 
rays  incident  near  its  edge  will  be  refracted  to  the  focus  f,  and  after 
passing  that  focus  will  diverge  in  the  direction  r  L  and  r  M.  The 
rays  incident  nearer  to  the  centre  will  intersect  at  f',  and  will  diverge 
to  i!  m',  while  the  rays  nearer  the  axis  will  intersect  at  f"- 

1049  Longitudinal  and  lateral  aberrations.  —  The  distance  F  p" 
measured  on  the  axis  between  the  foous  of  the  extreme  rays  which 
pass  thiongh  the  edge  of  the  lens,  and  the  foous  of  the  central  rays 
along  which  the  foci  of  all  the  intermediate  rays  are  pUiced,  is  called 
the  longitudinal  aberration :  the  point  f",  which  is  the  focus  of  the 
Q  central  rays,  is  called  the  principal  focus  of  the  lens ; 

and  the  mole  whose  diameter  is  i  m,  over  which  the  rays 
are  spread,  is  called  the  lateral  aberration. 

1050.  Experimental  ilbisiralion.  — These  effects  may 
he  rendered  apparent  by  holding  a  white  screen  at  f'',  at 
right  angles  to  the  axis  of  the  lens.     An  image  of  the 
Fig.  344,    sun  will  be  formed  round  f",  and  beyond  the  edge  of 
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this  image  will  be  formeil  a  ring  or  halo  of  ligtt,  growing  fainter 
from  tte  central  image  outwards,  as  represented  in  Jig.  344, 

1051.  Magnitude  of  spherical  aberration  in  different  forms  of 
hnses.  —  The  magnitude  of  the  spherical  aberratjoa  yariea  in  the 
different  forms  of  lenses. 

1.  la  a  plano-convex  lens  with  its  plane  side  turned  to  parallel 
lays,  that  is,  turned  to  distant  objects  if  it  is  to  form  an  image  behind 
it,  or  turned  to  the  eye  if  it  is  to  be  used  m  magaiijiDg  a.  near  object, 
the  spherical  aberration  will  be  4j  times  the  thickness.. 

2.  In  a  plano-convex  lens  with  its  conyex  side  turned  towards 
parallel  rajs,  the  aberration  is  only  1^1,1^  of  its  thickness.  In  using 
a  pkno-convex  lens,  therefore,  it  should  always  be  so  placed  that 
parallel  rays  either  enter  the  couycx  surface  or  emerge  from  it. 

3.  In  a  double  convex  lens  with  equal  oonvesities,  the  aberration 
ia  iJj^  of  its  thickness. 

4.  In  a  double  convex  lens,  having  its  radii  as  2  to  5,  the  aberra- 
tion will  be  the  same  as  in  a  plano-convex  lens  in  Rule  1.,  if  the  side 
whose  radius  is  5  is  turned  towards  parallel  rajs ;  and  the  same  as  the 
plano-convex  lens  in  Rule  2.,  if  the  side  whose  radius  is  2  is  turned 
to  parallel  rays. 

6.  The  lens  which  has  the  least  spherical  aberration  is  a  double 
convex  one,  whcse  radii  are  as  1  to  6.  When  the  face  whose  radius 
is  1  is  turned  towards  parallel  rays,  the  aberration  is  only  l^Jjj  of  its 
thickness. 

These  results  are  equally  true  of  plano-ooncave  and  double  concave 
lenses. 

If  we  suppose  the  lens  of  least  spherical  aberration  to  have  its 
aberration  equal  to  1,  the  aberration  of  the  other  lenses  will  be  as 
follows :  — 

Best  form,  us  in  Rule  5 1-000 

Double  oonvei  or  concave,  with  equal  currattirea 1-661 

Plano-oonvei  or  concave  in  bestpoaitiou,  as  in  Bale  2..  1-093 
Plano-conves  or  concave  in  worst  position,  aa  in  Rule  1.  4-206 


CHAP.  XI. 

ANALYSIS   OF  LIGHT. 

1062.  Solar  light  a  compound  principle.  —  In  the  preceding  chap- 
ters, light  has  been  regarded,  in  relation  to  transparent  media,  as  a 
simple  and  uncompounded  principle,  each  ray  composing  a  pencil  being 
subject  to  tlie  same  effects. 

That  all  light  is  not  thus  subject  to  uniform  effects,  i 
manifest  by  the  following  experiment  of  Newton  : — 

_       680 
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Let  a  pencil  of  parallel  rays  of  solar  ligJit  be  admitted  tLrougli  a 
circular  opening  '2,  fig.  345,  about  half  an  incli  in  diameterj  made  iu 


Fig.  34S. 

a  scieen  or  partition  s  r  all  otber  ligKt  being  excluded  from  tlie  space 
into  winch  the  panml  enters  If  a  white  screen  X  z  be  placed  parallel 
to  SI,  and  at  a  distance  from  it  of  about  12  feet,  a  circular  spot  of 
light  neaily  equal  in  diameter  to  tbe  hole  will  appear  upon  it  at  p*, 
the  point  where  the  dueotun  of  the  pencil  meets  the  screen.  Now 
letagU^s  pri^m  be  placed  at  A  BO,  with  the  edge  of  its  refraclJng 
angle  E  in  a  hoiizontal  direction,  and  presented  downwards  BO  as  to 
receiye  the  pencil  upon  ita  side  a  b  at  q.  According  to  what  has 
been  -dreadj  explained,  the  pencil  would  be  refracted,  in  passing 
thiough  the  suifaee  AB,  m  the  direction  ql  towards  the  perpendicu- 
lar, and  it  would  be  again  refracted  in  emerging  from  the  surface  CB 
from  the  perpendicular  in  the  direction  l  k.  It  might  therefore  bo 
expected  that  the  effect  of  the  pnsm  would  be  merely  to  move  the 
spot  of  light  from  p*  to  some  point,  such  as  K,  moie  elevated  upon 
the  screen.  The  phenomenon,  however,  will  be  very  different.  In- 
stead of  a  spot  of  light,  the  screen  will  present  an  oblong  coloured 
space,  the  outline  of  which  ia  represented  at  h  n  as  it  would  appear 
when  viewed  in  front  of  the  screen. 

1053.    The  prismatic  epectrma.  —  The  sides  of  this  oblong  figure 

are  parallel,  straight,  and  vertical  j  ifa  ends  are  semi-circular,  and  its 

length  eonsisfa  of  a  series  of  seven  spaces,  vividly  coloured,  the  lowest 
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space  being  red,  e  ;  tlio  nest  in  ascending  orange,  o  ;  and  tLe  suceced- 
iag  spaces  jelloWjY;  green,  Q;  ligkt  blue,  b  ;  dark  blue  or  indigo,  I ; 
and,  in  fine,  violet,  v. 

These  several  coloured  spaces  are  neither  equal  in  magnitude  .nor 
uniform  in  colour.  The  red  space  k,  commencing  at  the  lowest  point 
with  a  faint  red,  increases  itt  brilliancy  and  intensity  upwards.  The 
red,  losing  its  intensity,  gradrtally  melta  into  the  orange,  so  that  there 
is  no  definite  line  indica,ting  where  the  red  ends  and  the  orange  begins, 
lu  the  same  manner,  the  orange,  attaining  ils  greatest  intenaty  near 
the  middle  of  the  space,  gradually  melta  into  the  yellow;  and  in  the 
same  manner,  each  of  the  succeeding  colours,  having  their  greatest 
intensities  near  the  middle  of  the  spaces,  melts  towards  its  extremities 
into  the  adjacent  colours. 

The  proportion  of  the  whole  length  occupied  by  each  space  will 
depend  upon  the  sort  of  glass  of  which  the  prism  is  composed.  If  it 
bo  flint-glass,  and  the  entire  length  M  N  be  supposed  to  consist  of  360 
equal  paxts,  the  following  will  be  the  length  of  each  succeeding  colour, 
ing  from  the  red  upwards. 

Eed 5S 

Oracge 37 

Yellow 27 

Grean 46 

Blue 48 

Indigo 47 

Yiolet 109 


It  appears,  therefore,  that  the  ray  of  light  P  Q,  after  passing  through 
the  prism,  is  not  only  deflected  from  its  original  ooui-se  p  cj  p",  but  it 
is  resolfed  into  an  infinite  number  of  separate  rays  of  light  which  di- 
verge in  a  faulike  form,  the  extreme  rays  being  l  K  and  l  k',  the 
former  being  directed  to  the  lowest  point  of  the  coloured  space  upon 
the  screen,  and  the  klt«r  to  the  highest  point.  The  coloured  space 
thus  formed  upon  the  screen  is  called  the  prismatic  spectrum. 

1054.  Composition  of  solar  light.  —  From  this  experiment  the 
following  consequences  are  inferred  : — 

1.  Solar  light  is  a  compound  principle,  composed  of  several  parts 
differing  from  each  other  in  their  properties. 

2.  The  several  parts  composing  solar  light  differ  irom  each  other 
in  tefrangibility,  those  rays  which  are  directed  to  the  lowest  part  of 
the  spectrum  being  tko  least  refrandble,  and  those  directed  to  the 
highest  part  being  the  moat  refrangible;  the  rays  directed  to  the  in- 
termediate parts  having  intermediate  degrees  of  refrangibility. 

3.  Eays  which  are  differently  refrangible  are  also  differently 
coloured. 

4.  The  least  refrangible  rays  composing  solar  light  arc  the  red  rays, 
which  compose  the  lowest  dividon  k  of  the  Bpectriim.     But  these 
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red  rays  are  not  all  equally  refrangible,  nor  are  they  precisely  of  tLe 
same  colour.  The  most  refrangible  red  rays  are  those  which  are  de- 
flected to  th6  lowest  point  of  the  red  space  R,  and  the  least  refran- 
gible are  those  which  are  directed  to  the  point  where  the  red  molts 
into  the  orange.  Between  these  there  are  an  infinite  number  of  ted 
raya  having  intermediate  degrees  of  refraogibility.  The  colour  of 
the  red  raj^  yaries  with  tlicir  refrangibility,  the  most  intense  red  be- 
ing that  of  rays  whose  refran^bility  is  intermediate  between  those  of 
the  extreme  rays  of  the  red  space. 

Tlio  same  observations  will  be  applicable  to  rays  of  all  the  other 
colours. 

5.  Each  of  these  components  of  solar  Ught  having  a  different  re- 
frangibility will  have  for  each  transparent  substance  a  different  index 
of  refi'action.  Thus  the  index  of  refraction  of  the  red  rays  will  be 
less  than  the  index  of  refraction  of  the  orange  rays,  and  these  latter 
will  be  lessthan  the  index  of  refraction  of  the  yellow  raySj  and  so  on,  the 
■  index  of  refraction  of  violet  rays  being  greater  than  for  any  other  colours. 

But  the  rays  of  each  colour  being  themselveo  difierently  reffangibie, 
according  as  they  fall  on  different  parts  of  the  coloured  space,  they 
will,  strictly  speaking,  have  different  indices  of  refracljon.  The  index 
of  refraction,  therefore,  of  any  particular  colour  must  be  understood 
as  expressing  the  index  of  refraction  of  the  middle  or  mean  ray  of 
that  particular  colour.  Thus,  the  index  of  refraction  of  the  red  rays 
will  be  the  index  of  refraction  of  the  middle  ray  of  the  red  space; 
the  index  of  refraction  of  the  orange  rays  will  be  the  index  of  re- 
fi-aetion  of  the  middle  ray  of  the  orange  space;  and  so  on. 

It  must  not,  however,  be  snpposed  that  a  pencil  of  solai'  light  con- 
sists of  separate  and  distinct  rays  of  the  different  colours  which  form 
the  spectrum,  so  that  it  might  be  possible  by  any  mechanical  division 
of  such  a  pencil  to  resolve  it  into  such  rays.  Each  individual  ray  of 
such  a  pencil  is  composed  of  all  the  rays  of  the  spectrum,  just  as  the 
gases  oxygen  and  hydrogen,  which  are  the  chemical  constituents  of 
water,  enter  intfl  the  composition  of  each  particle  of  that  Equid,  no 
matter  how  minute  it  be, 

1055.  Experiments  which  covfirm  tlie  preceding  analysis  of  light. 
—  The  validity  of  fie  preceding  analysis  of  light  is  confirmed  by  the 
following  observations  and  experiments. 

If  the  several  rays  composiDg  a  spectrum  be  allowed  to  j  p 

rately  through  a  small  hole  in  a  screen,  and  be  received  1  y  th 
prism  similar  to  A  B  o  placed  behind  the  screen,  with  the  m  gl 
of  incidence  as  that  with  which  p  q  is  incident  upon  a  b  1  y 
will  be  refracted  by  the  second  prism,  and  its  angle  of  d  fl  t  n  w  U 
be  found  to  be  exactly  equal  to  the  angle  of  deflection  p  d  d  by 
the  flrst  prism  a  b  c  upon  it.  In  tbis  refraction  of  the  s  1pm 
the  ray  will  not  be  dilated  as  the  original  ray  of  solar  1  ght  wa.  ly 
the  first  prism,  and  no  second  specti'um  will  be  formed  j  the  ray  wdl 
K  2  ^-5^ 
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bo  merely  turned  from  its  direction  by  the  refraction  of  the  prism, 
but  will  undergo  no  other  change, 

Let  a  hand  of  white  paper,  a  l,  jig.  346.,  he  divided  into  seYen 
spaces,  and  let  those  spaces  be  coloured  red,  orange,  yellow,  green, 
liffht  blue,  indigo,  and  violet,  seve- 
mly,  each  colour  being  of  uniform 
tin^  and  as  closely  resembling  the 
seven  colours  of  the  spectrum  aa 
possible.  Let  this  band  be  placed 
upon  a  black  ground,  and  viewed 
through  a  prism  whose  refracting 
angle  is  presented  upwards,  with  its 
edge  horizontal  and  parallel  to  the 
band  A  L.  The  images  of  the  se- 
veral coloured  spaces  seen  through 
the  prism  wiO  be  in  positions  more  or  less  elevated  above  A  L,  accord 
ing  to  the  greater  or  less  refmngibility  of  the  different  colored  lights. 
The  image  of  the  red  space  R  will  bo  seen  at  e',  that  of  tie  orange 
apace  o  at  0',  that  of  the  yellow  space  t  at  y',  and  so  on.  The  im- 
age o'  will  be  a  little  above  r',  the  image  y"  a  little  above  o' 
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p  otrum  If  be  thrown  on  a 
sheet  of  wh  e  p  pe  in  a  hori- 
z  n  al  po  t  UAL  ^g.  347., 
wh  ch  n  av  be  done  by  placing 
the  p  ism  wh  ch  j  reduces  the 
spe  tr  n  n  th  the  edge  of  its 
ref  a  t  Bg  angle  vert  cal.  Let 
th  s  spe  tr  m  A  I.  be  viewed 
through  a  J  s  a  Laving  the 
edge  of  ts  ef  ac  n^  angle  ho- 
T  zontal  and  i  esented  upwards. 
The  image  of  the  spectrum  seen 
through  the  prism  will  have 
the  position  a'  l',  oblique  to 
A  L,  the  violet  end  being  more 
raised  than  the  red  end.  The  coloured  space  of  the  image  will  not 
form,  as  inj^.  346.,  a  series  of  ascending  steps,  but  will  be  included 
in  one  uniform  line.  This  is  esplained  by  the  fact  already  stated, 
that  the  light  composing  each  of  die  coloured  spaces  E,  O,  Y,  &c.  of 
the  spectrum  is  not  uniformly  refrangible. 

The  rays  which  illuminate  the  red  space  a  increase  gradually  in 
tefrangibiiity  from  the  extiemitj  A  to  the  boundary  of  the  orange 
584 
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space ;  and  in  like  manner,  the  rays  which  illuminate  the  orange 
space  o  increase  gradually  in  i-efraagiljility  to  the  bouudaay  of  the 
yellow  apace ;  and  so  on. 

Hence  it  is  that  the  boundary  of  the  image  of  the  spectrum  ia  a 
line  uniformly  inclined  to  al.  The  divisiona  of  the  coloured  spaces 
in  the  image  correspond,  however,  with  those  of  the  spectrum,  oach 
colour  in  the  image  being  vertically  above  the  corresponding  colour  in 
the  spectiiim. 

1056.  Experimental  proof  by  recomposilion.  —  As  the  solar  light 
ia  resolved  by  the  prism  into  the  various  coloured  lights  eshibited  in 
the  spectrum,  it  might  be  expected  that,  these  coloured  lights  being 
mixed  together  m  the  propoition  m  which  they  are  found  in  the  spec- 
trum, white  li4ht  would  bt  leproduced  This  is  accordingly  found  to 
be  the  case.  If  thp  spi,rtrum  toimed  by  the  prism  a  b  a,^g.  348., 
instead  of  being  thr  wu  upon  a  soicen,  be  received  upon  a  concave 


Fig.  348. 

M  N,  the  rajs  which  diverged  from  the  prism  and  formed  thi 
spectrum  will  be  reflected  converging  to  the  focus  i';  and  after  inter- 
secting each  other  at  that  point,  they  will  agun  diverge,  the  ray  b  i 
passing  in  the  direction  r  r  ,  and  v  e  in  the  direction  p  v' 

Now,  if  a  screen  be  held  between  f  and  the  reflector,  the  ipeclrum 
will  be  seen  upon  the  screen.  If  the  screen  be  then  moved  from  the 
reflector  towards  the  focus  s,  the  spectrum  upon  the  screen  will 
gradually  diminish  in  length,  the  extreme  colours  R  and  v  approach- 
ing each  other.  "When  it  comes  so  near  to  r  that  the  extreme  hmits 
of  the  red  and  violet  touch  each  other,  the  central  point  of  the  spec- 
,.      585 
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trum  will  become  white ;  and  wTien  the  screen  arrives  at  the  point  p, 
the  coloured  rays  being  all  mingled  together,  the  speetrum  will  be 
reduced  to  a  white  colourless  spot. 

Just  before  the  screen  arrives  at  F,  it  will  present  the  appearance 
of  a  white  spot,  fringed  at  the  top  with  the  colours  forming  the  upper 
end  of  the  spectrum,  ■violet,  blue,  and  green,  and  at  the  bottom  with 
those  forming  the  lower  end  of  the  spectrum,  red,  orange  and  jellow. 
This  effect  is  explained  by  the  fact,  that  until  the  screen  ia  brought 
to  the  focus  F,  the  estreme  rays  at  the  other  end  of  the  speetrum  ai-e 
Eot  combined  with  the  other  colours. 

If  the  screen  be  removed  beyond  f,  the  same  succession  of  appear- 
ances will  be  produced  upon  it  as  were  eshibited  in  its  approach  to 
f,  but  the  colours  will  be  shown  ia  a  reversed  position. 

As  the  screen  leaves  f,  the  white  spot  upon  it  is  fringed  as  before, 
but  the  upper  fringe  is  composed  of  red,  orange,  and  yellow,  while 
the  lower  is  composed  of  violet,  blue,  and  green ;  and  when  the  screen 
is  removed  so  fer  from  the  focus  F  aa  to  prevent  the  superposition  of 
the  coloTjrs,  the  spectrum  will  be  produced  upon  it,  with  the  red  at 
the  top,  and  the  violet  at  the  bottom,  the  position  being  inverted  with 
respect  to  that  which  the  scieen  eKhibited  at  the  other  side  of  the 
focus.  These  circumstances  are  all  explained  by  the  iact  that  the 
rays  converging  to  p  intersect  each  othei  there 

Similar  effects  may  be  produced  by  leceivmg  the  sieotrum  upon  a 
double  convex  Jens,  as  represented  in  Jtg.  349.  The  rays  are  made 
as  before  to  converge  to  a  focus  f,  where  a  white  spot  would  be  pro- 
duced upon  the  screen.  Before  the  screea  arrives  at  f,  and  after  it 
passes  it,  the  same  effects  will  be  produced  as  with  the  concave  re- 


Fig.  349. 

The  proportion,  that  the  combination  6f  colours  eshibited  in  the 
prismatic  spectrum  produces  whiteness,  may  bo  further  verified  by  the 
following  experiment :  — 

Let  a  circular  card  be  framed  with  a  blackened  circle,  and  its  cen- 
tre surrounded  by  a  white  circular  band,  and  a  black  external  border, 
as  represented  \^fig-  350. 

Let  the  white  circular  band  be  divided  into  seven  spaces  propor- 
tional in  magnitude  to  the  spaces  occupied  by  the  seven  colours  in  the 
prismatic  spectram,  these  spaces  being  r,  o,  t,  g,  b,  1,  and  v.  Let 
these  spaces  be  respectively  coloured  with  artificial  colours  resembling 
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as  near  as  practicable  in  their  tints 
the  colours  of  the  spectrum.  If  tlie 
centre  of  this  card  be  placed  upon  a 
Bpindle,  and  a  very  rapid  motion  of 
rotation  he  imparted  to  it,  the  ring  on 
■which  the  soTen  eoloura  are  painl^d 
will  present  the  appearance  of  a  grey- 
ish white.  In  this  case,  if  all  the 
colours  except  one  were  covered  with 
black,  the  revolving  card  would  pre- 
sent the  appearance  of  a  continuous 
ring  of  that  colour;  and,  consequently, 
J.,    g^g  if  d^l  the  coloured  spaces  he  uncovered, 

seven  continuous  rings  of  the  several 
colours  would  he  produced;  but  these  rings  being  superposed  and 
mingled  together  will  produce  the  same  effect  on  the  sight  as  if  all 
the  seven  colours  were  mised  together  in  the  proportion  which  they 
occupy  on  the  card.  If  the  colours  were  as  intense  and  as  pure  as 
the^  are  in  the  spectrum,  the  revolving  card  would  exhibit  a  perfectly 
white  ring;  but  as  the  colours  of  natural  bodies  are  never  perfectly 
pure,  the  colour  produced  in  this  case  is  greyish. 

This  experiment  may  be  farther  varied  by  haying  uncovered  any 
two,  three,  or  more  combinations  of  the  colours  depicted  on  the  card. 
In  such  case  the  rotation  of  the  card  produces  the  appearance  of  a 
ring  of  that  colour  which  would  result  from  the  mixture  of  the  colours 
left  uncovered :  thus,  if  the  red  and  yellow  spaces  remain  uncovered, 
the  card  will  produce  the  appearance  of  an  orange  ring;  if  the  yellow 
and  blue  remain  uncovered,  it  will  produce  the  appearance  of  a  green 
ring ;  and  so  on. 

1057.  Lights  of  the  same  colour  may  have  different  re/rangiUli- 
ties.  —  Although  the  phenomena  attending  the  prismatic  spectrum 
prove  that  rays  of  light  which  differ  in  refrangihility  also  differ  in 
colour,  the  converse  of  this  proposition  must  not  be  inferred;  for  it 
is  easy  to  show  that  two  lights  which  are  of  precisely  the  same  colour, 
may  suffer  very  different  effects  when  transmitted  through  a  prism. 

Let  us  suppose  two  holes  made  in  the  screen  on  which  the  spec- 
trum is  thrown  in  the  middle  of  the  space  occupied  by  the  blue  and 
yellow  colours,  so  that  rays  of  these  colours  may  be  transmitted 
through  the  holes.  Let  these  rays  be  received  upon  a  double  con- 
yes  lens,  and  brought  to  a  focus  at  G,'Jcg.  351.,  upon  a  sheet  of  white 
paper,  so  as  to  iOuminate  the  spot  g'.  The  colour  that  it  produces 
then  will  be  a  green.  Let  another  spectrum  be  now  thrown  by  a 
prism  upon  the  screen,  and  let  a  hole  he  made  in  the  screen  at  that 
part  of  the  green  space  where  the  tint  is  precisely  similar  to  tho 
colour  produced  at  a'  on  the  white  paper,  and  lot  the  light  which 
passes  trough  this  hole  fall  upon  the  spot  Q  beyond  a'. 
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The  spaces  g  and  g'  will  then  he  illuminated  hy 
lights  of  precisely  the  siime  colour;  but  it  will  he 
easy  to  show  that  these  lights  are  not  similarly  re- 
frangihle. 

Let  them  be  Tiewed  through  a,  prism  having  its 
refracting  angle  presented  upwards.  The  image 
of  the  illuminated  space  o  will  be  seen  in  a  more 
elevated  position  at  g ;  hut  two  images  will  be  pro- 
duced of  the  space  o',  one  yellow,  and  the  other 
blue,  at  y  and  6,  th^  yellow  image  y  being  a  little 
below  g,  and  the  blue  image  h  a  little  above  it. 
Thus  it  is  evident  that  the  green  light  on  the  apace 
compound  of  yellow  and  Hue,  and  is  se- 
parable into  its  constituenta  hy  refraction,  while 
the  similar  green  light  on  the  space  a  is  incapable 
of  decomposition  by  refraction. 

1058.  Colours  produced  hy  combining  different 
rays  of  the  spectrum. — An  endless  variety  of  tints  may  be  produced 
hy  combining  in  various  ways  the  colours  composing  tie  prismatic  spec- 
trum ;  indeed,  there  is  no  colour  whatever  which  may  not  be  produced 
hy  some  combination  of  these  tints.  Thus,  all  the  shades  of  red  may 
he  produced  hy  combining  some  proportion  of  the  yellow  and  orange 
with  the  prismatic  red ;  ^1  the  shades  of  orange  may  be  produced  by 
combining  more  or  less  of  the  red  and  yellow  with  each  other  and 
with  the  orange ;  all  the  shades  of  yellow  may  he  produced  by  varying 
the  proportion  of  green,  yellow,  and  orange ;  and  so  on. 

1059.  Complementary  colours. — If  two  tints  T  and  t'  be  pro- 
duced, the  former  t  by  combining  a  certain  number  of  pi-ismatio 
colours,  and  the  latter  if  by  combining  the  remainder  together,  these 
two  tints  1  and  i'  are  called  complementary,  because  each  of  these 
contains  just  those  colours  which  tixe  other  wants  to  produce  complete 
whiteness ;  and,  consequently,  if  the  two  he  mixed  together,  white- 
ness will  be  the  result.  Thus,  a  colour  produced  by  the  eomhinatioa 
of  the  red,  orange,  jellow,  and  green  of  the  spectrum  in  tiieir  just 
proportions,  will  he  complementary  to  another  colour  produced  by  the 
blue,  indigo,  and  violet  in  their  just  proportions,  and  these  two  colours, 
if  mixed  together,  would  produce  whiteness. 

1060.  Colours  of  natural  bodies  generally  compound.  — Almost 
all  colours,  natural  or  artificial,  escept  those  of  the  prismatic  spectrum 
itself,  are  more  or  less  compounded,  and  their  combined  character  be- 
longs to  them  equally  when  tiey  have  tints  identical  with  the  coloured 
spaces  of  the  spectrum.  Thus,  a  Datnral  object  whose  colour  is  in- 
distinguishable from  the  yellow  space  of  the  spectrum,  will  he  found, 
when  subjected  to  the  action  of  the  prism,  to  refract  light  in  which 
there  is  more  or  less  of  green  or  orange ;  and  an  object  which  appears 
blue  will  be  found  to  have  in  its  colour  more  or  less  of  green  and  violet. 
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lOGX.  Method  of  observing  tJie  spectrum  by  direct  vision.  —  In- 
stead of  receiving  the  spectinm  on  a  screen,  it  may  be  viewed  directly 
by  placing  the  eye  beiiiud  the  prism  A  b  o,Jig.  352.,  at  l,  so  aa  to 
receive  the  light  as  it  etaergea.    This  mode  of  observing  the  prismatic 


Fig.  353. 

effects  is  in  many  cases  more  convenient  than  by  means  of  the  screen, 
colours  being  thus  rendered  observable  which  would  be  too  feeble  to 
be  visible  after  reflection  from  the  surface  of  the  screen.  It  is  neces- 
sary, hovrever,  to  consider  that  in  this  manner  of  viewing  the  pria- 
matic  phenomena,  the  colours  will  be  seen  in  an  order  the  reverse  of 
that  which  tbey  would  hold  on  the  screen ;  for  if  the  eye  be  placed  at 
L,  it  will  receive  the  violet  ray  which  enters  in  the  direction  L  v  as  if 
such  ray  had  proceeded  from  v',  and  it  will  receive  the  red  ray  which 
enters  it  in  the  direction  E  as  if  it  bad  proceeded  from  a' ;  the  red  will 
therefore  appear  at  the  top,  and  the  violet  at  the  bottom  of  the  spec- 
trum, when  the  refracting  angle  B  of  the  prism  is  turned  downwards. 

But  if  the  refracting  angle  B  be  turned  upwards,  aa  represented  in 
fig.  353.,  then  the  red  wiU  appear  at  the  bottom,  atid  the  violet  at 
the  top  of  the  spectrum,  as  will  be  perceived  from  the  figure. 

1062.  JV/t}!  objects  seen  through  prisms  are  fringed  with  colours. — 
In  general,  when  objects  are  viewed  tlirough  a  prism  they  appear  with 
tlieir  proper  colours,  except  at  their  boundaries,  where  they  are  fringed 
with  the  prismatic  tints  in  directions  parallel  to  the  edge  of  the  reflects 
ing  angle  of  the  prism. 

Iiet  A  A  M  Vtjfg.  354.,  be-a  small  rectangular  object  seen  upon  a 
black  ground,  the  sides  A  M  being  -vertical,  and  A  A  and  M  m  horizontal. 
Let  us  first  supposathat  this  object  has  the  colour  of  a  pure  homoge- 
neous red.  If  this  object  be  viewed  through  a  prism  whose  refract- 
ing angle  is  directed  upwards  with  its  edge  horizontal,  it  will  be  seen, 
in  a  more  elevated  portion,  such  aa  a  a  m  m,  as  already  explained. 

Let  us  next  suppose  th&t  the  object  a  a  m  m  has  the  colour  of  a 
pure  homogeneous  orange.  When  viewed  through  tUe  prism  it  will,  as 
already  esplained,  appear  in  a  position  bb  nn,  a  little  above  aamm. 

IS  we  next  suppose  the  object  A  A  M  M  to  be  coloured  with  homo- 
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a  little  above 


geneous  yellow,  it  will  be  raised  by  the  prism  t 
flie  orange  image. 

If  it  be  next  supposed  to  have  tte  colour  of  a  prismatic  green,  it 
will  be  seen  at  d  dpp,  a  little  above  tbe  yellow  image;  and  if  it  be 
coloured  light  blue,  its  image  will  be  seen  a.t  e  e  q  q,  above  tbe  green 
image;  if  it  be  dark  blue  or  indigo,  its  image  will  b'e  in  the  position 
f/r  r ;  if  it  be  violet,  its  image  will  be  in  the  position  g gss. 

Now,  if  we  suppose  the  object  a  am  m  to  be  white,  that  is  to  say, 
to  have  a  colour  which  combines  all  the  prismatic  coIoum  together, 
then  all  these  several  images  will  be  seen  at  once  through  the  prism 
in  the  respective  positions  already  described.  They  will  therefore  be 
more  or  leas  superposed  one  upon  the  other,  and  the  image  will  ex- 
hibit ia  its  different  parts  those  tints  which  correspond  to  the  mixture 
of  the  colours  thus  superposed. 

Hence  it  appears  that  the  space  between  a  a  and  6  6  from  which  all 
colour  except  the  red  is  excluded,  will  appear  red;  in  the  space  be- 
tween 6  b  and  c  c,  in  which  the  orange  image  is  superposed  upon  the 
red  image,  a  colour  will  be  exhibited  corresponding  to  the  mixture  of 
these  two  colours ;  in  the  space  between  c  c  and  d  d,  the  three  images 
red,  orange,  and  yellow  are  superposed,  and  a  colour  corresponding 
to  tbe  combination  of  these  will  be  produced.  In  fine,  the  colours 
whioh  are  superposed  between  every  successive  division  of  the  upper 
and  lower  edges  of  the  combined  images  are  as  follows,  where  the 
590 
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prismatic  eoloui's  ate  dasignateii  by  tlio  capital  letters,  and  theh'  mix- 
ture or  supei-poaition  by  the  sign  +: — 
Between  Da  and  6  6  R 


//      "      gg  B  +  O+V+U  +  B+I 

gg    "    mm  R  +  o  +  T  +  e  +  B  +  i  +  y  =  w. 

Thus  it  appears  that  the  spaces  gg  of  the  yiolet  image  and  tlie  top 
m  m  of  the  red  image  are  coloured  witli  a  white  light,  Eeoause  iu  tlua 
space  all  the  sevea  images  are  superposed. 

In  the  space  between  gg,  the  bottom  of  the  violet  image,  and  y/, 
the  bottom  of  the  dark  blue  image,  there  is  a  space  which  is  illumi- 
nated by  all  the  prismatic  colours  except  the  violet  and  thi?  spaca 
consequently  approaches  so  near  a  white  as  to  be  swticely  distinguish- 
able from  it.  The  space  between//,  the  bottom  of  the  daik  blue 
image,  and  e  e,  the  bottom  of  the  light  blue  image  is  iDummated  by 
all  the  colours  except  the  dark  blue  and  indigo,  and  it  oonse  juently 
has  a  yellowish  tint.  The  succeeding  divisions  downwaids  towards 
a  a  become  more  and  more  red  until  they  attain  the  pure  piismatio 
red  of  the  lowest  division.  The  colours  of  the  upper  eitieinity  of 
the  image  may  in  like  manner  be  shown  to  be  as  follows : — 


Thus  it  appears  that  the  highest  fringe  at  the  upper  edge  is  violet, 
that  those  which  succeed  it  are  formed  by  the  mixture  of  violet  and 
blue,  to  which  green  and  yellow  are  succesdvely  added,  until  the 
colours  become  so  completely  combined  that  the  fringe  is  scarcely  dis- 
tinguishable from  a  pure  white.  It  is  evident,  therefore,  that  at  the 
lower  extremity  the  reds,  and  at  the  upper  the  blues,  prevail. 

If  the  object  a  a  m  m  viewed  through  the  prism  be  not  white,  then 
the. preceding  conclusions  must  be  modified  according  to  the  analysis 
of  its  colour.  Thus,  if  its  colour  be  a  green,  it  may  be  either  a  pure 
homogeneous  green,  or  one  formed  by  tbe  combination  of  blue  and 
yellow  or  other  prismatic  tints.  In  the  former  case,  the  prism  will 
exhibit  the  object  without  fritiges,  but  iu  the  latter  it  will  be  friDged 
according  to  the  composition  of  ifs  colour,  determined  by  the  saraa 
principles  as  those  which,  have  been  applied  to  the  object  A  A  MM. 

1063.  Law  of  refraction  applied  to  compound  solar  light.  —  The 
analysis  of  light,  which  has  been  here  explained  and  illusteated,  will 
enable  us  to  generalize  and  extend  the  law  of  refractioa  explained 
in  9t9. 
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^B,Jtg.  355.,  be  a  tiansparent  mediuui  having  a  semi-oy- 
lindrical  &>Tsa,  C  being  its  ceatre. 
Let  I  0  be  a,  ray  of  solar  light 
incident  at  c,  the  anglff  of  in- 
cidence being  10  0,  This  ray, 
on  entering  the  transparent  me- 
dium, will,  accord  ng  t  what 
has  been  already  xpl  n  1  be 
resolved  into  an  inlm  f  numb 
of  other  raya  d  ff  ntly 
fraeted,  that  whi  h  1  a^t 
fraoted  being  0  E,  and  th  t  wh  1 
is  most  refracted  b  ng  c  V  The 
ray  o  R  ia  red,  and  the  ray  c  v 
is  ■violet;  the  rays  of  interme- 
diate colours  and  intermediate 
refran^bilifies  being  included 
between  them.  The  angle  a  OM 
refraction  of  the  estreme  red  ray  corresponding  to  the 
VCH  is  tho  angle  of  r^ractioa 


Fig.  355. 


is  the  anj^ 

angle  of  incidence  I  c  Oj  and  tbe 

of  the  extreme  violet  ray  corresponding  to  the 

^enee. 

The  index  of  refraction  of  the  former  will  be  found  by  dividing  i  n 
by  R  rj  and  the  index  of  refraction  of  the  latter  will  be  found  by 
dividing  i  n  by  v  p'. 

It  is  evident  that  the  indices  of  refraction  for  the  intermediate  raj^ 
will  be  included  between  these  two,  being  greater  than  the  index  of 
tbe  extreme  red,  and  less  thaa  the  index  of  the  extreme  violet. 

If  tbe  angle  of  incidence  i  c  o  be  diminished,  the  angles  of  refrao 
tion  ROM  and  v  c  M  will  be  both  diminished,  since  their  sines  wii; 
still  bear  the  same  ratio  to  the  sine  of  the  angle  of  incidence.  Thus, 
if  fc,  fe.  355.,  be  the  incident  ray,  and  i' 0  0  the  angle  of  incidence, 
then  0  R  will  be  tie  extreme  red,  and  c  v'  the  extreme  violet  re- 
fracted rays,  and  the  intermediate  rays,  into  which  the  incident  ray  is 
resolved,  will  lie  between  these  as  before. 

In  this  case,  the  angle  B'  C  V  which  measures  the  divergence  of 
the  extreme  rays  into  which  the  incident  ray  is  resolved,  will  be  less 
than  the  angle  E  0  V,  which  measures  their  divergence  with  the 
greater  angle  of  incidence  too.  Thus  it  ippears  thtt  the  divergence 
of  the  decomposed  rays  is  diminish  1  -ts  th  angl  of  incidence  is 
diminished,  and  increased  as  the  an^!  f  n  1  nee  a  increased ;  but 
with  the  same  angle  of  incidence  tli      1       g  n  always  the  same 

in  the  same  transparent  medium. 

The  angle  k  c  r,  formed  by  the  d  t  n  f  ny  ay,  such  as  c  r, 
with  the  direction  o  K,  wbich  it  wouU  ha  f  U  w  d  had  it  not  been 
refracted,  is  called  tbe  refracticm  of  that  ray. 
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Now  it  ia  necessarj  to  distinguish  carefully  this  term  from  the 
angle  of  re/raclion  already  defined. 

Thus  it  appears  that  the  refraction  of  the  different  rays  into  which 
the  ray  ci  ia  resolved  is  different;  that  of  the  extreme  red  being 
K  0  E,  and  that  of  the  extreme  violet  being  k  C  v. 

1064.  Dispersion  of  light.  —  The  difference  between  the  refrac- 
tion of  these  extreme  rays,  or  the  angle  of  divergence  R  o  v  of  the 
rays  into  which  the  original  solar  ray  i  c  has  been  resolved  by  re- 
fraction, is  called  the  dispersion  produced  upon  the  solar  ray  i  c  by 
the  process  of  refraction. 

It  follows  from  what  has  been  just  explained,  that  this  dispar^on 
in  the  same  medium  diminishes  and  increases  as  the  angle  of  inci- 
i  or  the  angle  of  refraction,  or,  in  fine,  as  the  refraction  itself, 


1065.  Mean  refraction.  —  But  the  term  refraction,  to  have  a  defi- 
nite meaning,  in  this  case,  must  be  applied  to  some  one  of  the  raya 
into  which  the  solar  ray  is  resolved,  since  each  of  these  rays  has  a 
different  refraction,  varying  from  k  C  R  to  k  o  V.     The  middle  ray, 


therefore,  o  L,  of  the  rays  di 
pose ;  and,  accordingly,  the 
angle  K  C  I.  the  mean  refracti 

The  refraction 
ray  at  a  given  angle  of  ii 


.verging  from  c,  is  adopted  for  this  pur- 
ray  0  L  ia  called  the  mean  ray,  and  the 


by  any  transparent  medium  upon  a  given 
iideace,  is  the  measure  of  the  refracting 
power  of  the  medium  on  such  ray ;  but  as  this  refraction  is  always 
the  difference  between  the  angles  of  incidence  and  refraction,  and  as 
this  difference  may  be  taken  to  be  proportional  to  the  difference  be- 
tween their  sines,  we  sliall  have  the  refi'sctive  power  of  the  medium 


sin.  R  ' 

where  n  expresses  the  index  of  refraction. 

The  measure,  therefore,  of  the  refracting  powers  of  different  media, 
is  the  number  found  by  subtracting  1  from  their  index  of  refraction. 

It  follows,  from  what  has  been  explained,  that  in  the  same  medium 
the  dispersion  increases  and  diminishes  as  the  mean  refraction  in- 
creases or  diminishes. 

1066.  Dispersive  power.  —  "When  different  media  are  compared 
together,  it  is  found,  that  with  the  same  mean  refraction  there  will  be 
diff^nt  dispersions,  —  a  fact  which  supplies  a  oharaoteristio  of  dif- 
ferent media,  which  has  been  called  their  dispersive  power;  one 
medium  being  said  to  have  a  greater  or  less  disperave  power  than 
another  medium,  according  as  the  dispersion  it  produces  with  the 
same  mean  refraction  is  greater  or  less  than  that  produced  by  tha 
other  medium. 
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The  dispersion,  therefore,  produced  by  any  medium  being  expressed 
by  t!ie  difference  of  tlie  indjoes  of  refraction  n"  and  «'  of  the  estrome 
rays,  and  the  refrauling  power  being  expressed  by  n  —  1,  the  abso- 
lute dispersive  po^er  is  me  quotient  obtained  by  dividing  the  disper- 
Bion  by  the  refracting  power,  and  will  bo 

In  the  taMes  of  refraction  which  have  been  given  in  page  65,  the 
indices  of  refraction  must  be  imderatood  to  refer  to  the  mean  ray  of 
the  spectrum,  produced  by  the  various  media  indicated  in  the  tables. 

To  illustrate  the  application  of  this  formula,  let  us  take  the  case  of 
crown-glass  and  diamond.     The  index  of  refraction  of  t' 
and  mean  rays  of  crown  glass  are  as  follows : — 

w"  =  l'5466,  n'  =  1-5258,  m=  1-5330; 
consequently  we  shall  have  for  crown-glass, 

»■= !!=«««■ 

In  like  manner,  the  indices  for  diamond  are 

n"  =  24670,  n'  =  24110,  n  =  24390; 
therefore,  we  shall  have 


From  whence  it  appears  that  although  the  refracting  powers  of  the 
diamond  and  crown-glass  are  as  3  to  1,  their  dispersive  powers  are 

This  identity  of  their  disperisive  powers  may  be  proved  esperiment- 
aily  by  talting  two  prisms,  one  of  diamond  and  the  other  of  crown 
gj^,  and  producing  with  them  two  spectra  in  the  manner  represented 
in_^,  345.,  so  that  the  mean  ray  !■  p  of  each  shall  be  equally  inclined 
to  lie  direction  PJ?"  of  the  incident  ray.  It  will  be  found  tbat,the 
two  spectra  thus  produced  will  have  equal  lengths,  and  consequently 
that  the  dispersions  which  correspond  to  equal  refractions  are  equal. 

Transparent  media  differ  from  each  other,  not  only  in  the  dispersive 
powers  which  they  have  on  solar  light,  but  also  in  the  dispersive 
powers  with  which  they  act  on  the  different  elements  which  compose 
suoh  light.  Thus,  for  instance,  it  will  happen  that  although  two 
media,  such  as  the  diamond  and  crown  glass,  may  have  equal  disper- 
sive powers  in  relation  to  the  compound  light  of  day,  thej  will  have 
very  different  dispersive  powers  upon  the  several  coloured  lights  of 
which  each  compound  light  is  made  up. 

This  may  be  rendered  experimentally  apparent  by  producing  two 
epectra  of  equal  lengths,  with  prisms  of  different  materials. 

If  these  two  spectra  be  placed  in  juxtaposition,  so  that  their  extre- 
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m  t  e  b1  ill  nc  1  Ithougli  thoir  coloured  spaces  will  succeed  each 
uti  r  va  laWy  n  the  order  already  described,  yet  tlie  toundariea 
wh  ch  separate  theie  coloured  spaces  will  not  coincide.  The  red  in 
th  ne  w  11  be  mo  e  or  leas  extensive  than  in  the  otter,  and  the  same 
w  U  he  ti      ot  the    ther  colours. 

Let  tw     ^ect  a    1.  B  and  o  "Ojfig.  356.,  he  produced  in  this  inaa- 

^  ncr,  equal  in  length,  hy  two  hollow  prisms, 

^g^       F^;>^     one  filled  with  the  oil  of  oassia,  and  the  other 

t  ^        F^^     with    sulphuric  acid.     In    the  spectrum  a  b, 

produced  hy  the  oil  of  cassia,  the  red,  orange, 

and  yellow  spaces  are  less  than  in  the  spectrum 

j     0  D,  produced  hy  the  sulphuric  acid,  while  in 

the  ktter  the  blue,  indigo,  and  violet  spaces 

I  are  less  than  in  the  former. 

I  The  middle  ray  m  n 

passes  through  the  blu 

through  the  green  space  in  the 

-^         It  appears,  therefore,  that  i 

j-      J     phuric  acid  has  a  grc 

the  less  refrangihle  rays,  i 
F       5  power  on  the  more  refran^ble  rays,  than  the 

These  effects  are  consequences  of  the  fact,  that  although  the  indices 
of  refraction  of  the  extreme  rays  for  any  two  media  may  be  equal,  the 
index  of  refraction  of  the  intermediate  rays  may  he  unequal,  and  a 
difference  of  position  of  the  corresponding  coloura  in  the  spectrum  will 


e  spectrum  A  B 
i,  while  it  passes 
spectrum  0  D. 
Q  this  case  sal- 
power  upon 


3  following  table,  the  indices  of  rofractii 
the  mean  rays  of  the  seven  coloured  spaces  of  the  spectrum 
according  to  the  experiments  of  Frauenbofer. 

1067.    Table,  of  the  indices  of  refraction  of  the  mean  rays  of  each 
of  the  prismatic  colours  for  certain  media. 
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1068.  Dispersion  of  each  component  colour,  kow  found. —  The 
dispersion  proper  to  each  succesaive  colour  will  be  found  by  taking  the 
difference  of  the  two  adjacent  indices,  and  the  total  dispersion  pro- 
duced by  each  medium  by  toking  the  difference  between  the  extreme 
indices.  Thus  the  total  dispersion  produced  by  each  mediutn  given 
in  the  above  table  will  be  aa  follows  r 

Flint  gliBs,  No.  13 0>048818 

Crown  glass,  Ho.  9 0'020734 

Water 0>013242 

Water 0-013185 

Potash 0-016739 

Turpantine 0-023378 

Flint  glass,  No.  3 0-038381 

Flint  glass,  No.  80 0-042502 

Crown  glass,  No.  13 0-020372 

CrowQ  glass,  Lett.  M .,.. 0-024696 

Flint  glass,  No.  23.,  prism  60° 0-043090 

Flint  glass.  No.  28.,  prism  46° 0-043116 

1069.  Ligkt  uniformly  refrangible  not  necessarily  simple. — 
In  all  that  precedes,  it  has  been  assumed  that  the  light  composing  each 
part  of  the  prismatic  speotmm  is  simple  and  homogeneous.  This 
coneluaon,  deduced  by  Newton,  and  adopted  generally  by  all  physical 
investigators  since  his  time,  is  bleed  on  the  assumption,  that  light 
which,  being  refracted  by  transparent  media,  cannot  be  resolved  into 
parts  differently  refrangible,  is  simple  and  horoogeneous. 

Sir  David  Brewster  has,  however,  published  the  results  of  a  series 
of  observations,  from  which  it  would  follow,  that  a  pencil  of  light 
which  does  not  oon=iBt  of  parts  diffeieally  refi^ngible,  may,  ne-verthe 
Ihss,  be  lesolved  into  jarts  which  have  diflerent  colours,  m  other 
worls,  that  the  light  ot  certain  parts  of  the  spectrum,  such,  foi  ex 
am]  le,  as  orange  and  greea,  although  simple  so  fir  as  respects  re 
friction,  IS  compound  so  far  %s  lespects  colour  Thus,  the  orange 
lij,ht  miy  be  resoheJ  into  two  lights  cijually  refrangible,  but  difter- 
ing  m  colow,  one  being  red  and  the  other  yellow,  and  the  gieen 
light  ma^  in  like  minnei  be  lesolved  into  two  equally  icfiangible, 
cnt  being -yellow  anl  the  othei  blue 

1070  Sir  D  BreiBiter  s  analysis  of  the  ^pettrtim  — In  a  wotd, 
the  observations  and  experiments  of  Sir  David  Brewster  have  led  him 
to  the  conclusion  that  the  prismatic  spebtrum  consists  in  reality  of 
three  spectra  of  nearly  equal  length,  each  of  uniform  colour,  super- 
posed one  upon  another;  and  that  the  colours  which  the  actual  spec- 
trum exhibits  arise  from  the  mixture  of  the  uniform  colours  of  these 
three  spectra  superposed.  The  colours  of  these  three  elementary 
spectra,  according  to  Sir  David  Brewster,  are  red,  yellow,  and  blue. 
Ha  shows  that  by  the  combination  of  these  three,  not  only  all  the 
colours  exhibited  in  the  prismatic  spectrum  may  be  reproduced,  but 
that  their  combination  also  produces  white  light.  He  contends,  there- 
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fore,  that  the  -white  light  of  the  sun  consists  not  of  seven,  hutof  three 
eoastituent  lights,  red,  yellow,  and  blue. 

This  conclusion  is  estahli^ed  by  showing -that  there  is  another 
method  by  which  light  may  he  resolved  into  its  components,  besides 
the  method  of  refraction  by  prisms.  In  passing  through  certain 
coloured  media,  it  is  admitted  that  a  portion  of  the  Hght  incident  is 
intercepted  at  the  surface  upon  which  it  is  incident  and  in  its  passage 
through  the  medium ;  a  part  only  is  transmitted. 

Now,  this  property  of  colours  is  taken  by  Sir  David  Brewster  as 
another  method,  independently  of  refraction,  of  decomposing  colours. 
He  assumes  that  such  a  medium  resolves  the  light  incident  upon  it 
into  two  parts:  first,  the  part  which  it  transmits;  and  secondly,  the 
part  which  it  intercepts.  He  concludes  that  these  two  parts  are  com- 
plementary, that  is  to  say,  that  each  contains  what  the  other  wants  to 
make  up  white  solar  light;  or,  more  generally,  that  the  incident 
light,  whatever  he  its  nature,  must  be  assumed  to  be  a  compound, 
consisting  of  the  light  transmitted  and  the  light  intercepted. 

This  being  assumed,  let  a  coloured  medium,  such  as  a  plate  of  blue 
glass,  be  held  between  the  eye  and  the  spectrum.  CertEun  colours  of 
the  spectrum  will  be  transmitted  and  others  intercepted.  If  the 
colours  of  the  spectrum  foe  simple  and  homogeneous  light,  i 
they  are  assumed  to  be  in  the  Newtonian  theory  of  the  decomi 
of  light,  then  the  consequooee  would  be  that  the  appearance  of  the 
spectrum  seen  through  the  coloured  medium  would  consist  of  dark 
and  coloured  spots ;  those  ample  lights  intercepted  by  the  glass  ap- 
pearing dark,  and  those  transmitted  by  the  glass  having  their  proper 
colour.  But  if  each  colour  of  the  prism  be,  as  is  assumed  in  the  chro- 
matic theory,  simple,  then  the  plate  of  glass  can  make  no  change  in 
its  colour  by  transmi^ion. 

It  must  therefore  be  wholly  transmitted,  partly  transmitted,  or 
wholly  intercepted.  If  it  be  wholly  transmitted,  no  change  will  be 
made,  therefore,  in  its  colour  or  intensity ;  if  it  be  partly  transmitted, 
its  colour  will  remain  the  same;  but  its  intensity  will  be  diminished ; 
if  it  be  wholly  intercepted,  the  space  it  occupied  on  the  spectrum  will 
be  black.  But  these  are  not  the  effects,  as  Sir  David  Brewster  states, 
which  are  observed.  He  finds,  on  the  other  hand,  that  the  coloured 
spaces  on  the  apeotmm  are  not  merely  diminished  in  intensity,  hut 
actually  changed  in  colour.  Now,  if  any  space  of  the  spectrum  he 
changed  in  colour,  it  follows  from  what  has  been  stated,  that  the  light 
transmitted  must  be  a  constituent  of  .the  colour  of  that  space,  to  which 
the  light  intercepted  being  added,  would  reproduce  the  colour  of  the 
spectrum.  By  such  an  experiment  as  this.  Sir  David  Brewster  found 
that  the  parts  of  the  spectrum  occupied  by  the  orange  and  gi-een 
lights  produced  yellow,  from  which  he  inferred  that  the  glass  inter- 
cepted the  red,  which  combined  with  the  yellow  produced  orange, 
and  the  blue,  which  combined  wjth  the  yellow  produced  green.  But 
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if  the  glass  have  the  power  of  thus  interceptiog  the  red  aiid  hlue 
light,  it  might  he  expected  that  the  red  and  the  blue  spaces  of  the 
spectrum  would  appear  dark.  He  acoordinglj  found  that  the  light  of 
the  middle  of  the  red  space  was  almost  entirely  ahsorhed,  as  was  also 
a  considerable  part  of  the  blue  apace. 

From  experiments  like  these,  which  he  made  in  great  number,  and 
under  various  conditioas,  Sir  David  Brewster  deduced  the  conclusion 
to  which  we  have  adverted  above. 

He  inferred  that  at  every  point  of  the  spectrum,  red,  yellow,  and 
blue  light  are  combined  in  various  proportions,  the  colour  of  each  part 
being  determined  by  the  proporfional  intensities  of  the.se  three  colours 
in  tbe  mixture.  In  the  red  space,  the  proportions  of  hlue  and  yellow 
are  exactly  those  necessary  to  produce  white  light,  but  the  red  is  in 
excess;  a  portion  of  it  combined  with  the  blue  and  yellow  produces  a 
white  light,  which  is  reddened  by  the  surplnsage  of  red.  In  the  same 
manner,  in  the  yellow  space  the  proportion  of  blue  and  red  is  that 
which  is  proper  to  white  light,  hut  there  is  a  greater  than  the  just  pro- 
portion of  yellow. 

A  part  of  this  combining  with  the  hlue  and  red  produces  white 
light,  which  is  rendered  yellow  by  the  surplus.  In  the  same  manner 
esactly,  the  hlue  space  is  shown  to  consist  of  a  svurplusage  of  bine, 
combined  with  the  proportion  of  red  and  yellow,  and  the  remainder 
of  the  blue  necessary  for  whiteness.  The  other  colours  of  the  spec- 
trum, according  to  Sir  David  Brewster,  are  secondary,  or  the  result  of 
combinations  of  red  yellow  ind  blue 

The  means  ly  wluch  these  thiee  jiimary  colours  produce  the  tints 

of  the  spectruit  may  he  more  oleaily  understood  by  refeienee  to_;^ 

357.,  wherein  MNiej  i"!u  ts  the  piismatie  specbum  with  its  usual 

tints      TI  e  curve  MB  N  represents 

^x-  the  vaiying  intensity  of  the  red 

b/I      ]  p  spettium    MTN  thit  of  the  yel 

^y-  '  ■■     '  low   in  I  M  B  N  that  rf  the  hlue 

^j        '    '    ■  ^  sjentrim      The  distance  of  each 

ja  t  of  these  curves  respectively 

ftom  M  N  IS  un  lerstood  to  be  pro- 

porti  nal  to  the  intensity  of  the 

colour  of  that  part  and  thp  lelative  Itn^ths  of  the  perpendicular  m 

eluded  within  each  curve  leptesent    the  jroportion  of  the  intensities 

of  the  combined  (.obura     Thus  at  the  point  p  the  three  colours  aie 

mixed  in  the  propoition  of  the  lengths  of  the  (eijeahculara  ■pn  ■p  n^ 

f"  n,  the  first  representing  the  proportion  cf  vellow  the  secoul  red 

and  the  third  blue     the  red  and  jeOow  p  edominiting  the  colour  at 

this  point  will  be  orange 

These  obsprvationa  anl  experimenta  lid  the  conolus  ons  deduced 
from  them  by  8u-  Da\  1  Brewster  have  been  now  1  efore  the  bc  entific 
world  for  mDre  than  twenty  years     The  oxpeiiments  do  not  appear 
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to  have  been  repeated,  nor  the  chromatic  doctrine  inferred  from  them 
to  have  been  yet  generally  assented  to  or  adopted.  The  chromatic 
analjais  of  Newton  is  tbe  ooly  theory  advanced  tiy  physical  authors. 


Yumbfr  of  sptciraZ  lines. — If  the  prismatic  speotram  pro- 
duced under  certain  conditions  be  examined  by  the  Md 
ot  a  tele'^ope,  it  will  be  found  to  be  crossed  throush- 
out  its  entire  length  by  dark  lines  of  various  breadths. 
The  total  number  of  these  lines  is  nearly  seven  hun- 
dred, and  they  are  distributed  over  the  spectrum  witb- 
™t  any  apparent  relation  to  the  limits  of  its  coloured 
spaces 

In  fig  358.,  M  N  represents  a  speolrum,  M  being  its 
mlet,  and  w  its  red  extremity.  The  arrows  to  the 
left  of  the  diagram  represent  the  boundaries  between 
the  loloured  spaces,  these  spaces  being  indicated  by  the 
letters  B,  o,  Y,  G,  B,  I,  and  y. 

The  general  distribution  of  the  spectral  lines  is  ex- 
hibited m  the  diagram. 

It  will  be  ' 
lemarlfible 
either  m  th 
some  plioes 
other"!  they  i 
1  consideiable. 
scarcely  visil 

Among 


that  in  the  distmbution  of  these 
there  is  no  apparent  regularity, 
gement  or  in  their  intensity.     In 
thickly  crowded  together,  while  in 
'  by  wbit«  spaces,  more  or  less 
ime,  tne  lines  are  esfremely  fine  and 
others  they  are  of  distinct  breadth 
imerous  lines,  soven  were  selected 
by  tbcir  discoverer,  Frauenhofer,  as  standards  of  refer- 
ence or  fixed  points  by  which  the  position  of.  the  others 
could  be  dedgnated,     These  seven  are  those  marked 
on  the  light  by  the  letters  b',  c',  d',  i/,  p',  g',  h'. 
The  first  of  these,  b',  is  in  the  middle  of  the  red 
^iJ  ■"     space,  the  second,  third,  and  fourth,  c',  u',  and  e',  are 
neaiet   the   boundaries  which   separate   the   red  and 
orange    the  orange  and  yellow,  and  the  yellow  and 
gipen    the  fifth,  f',  is  near  the  middle  of  the  green 
pace   and  the  seventh  near  the  middle  of  the  violet 
spai.e     while  the  sisth  is  near  the  boundary  which 
separates  the  blue  and  indigo. 
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The  mimbers  which  appear  in  the  diagram  between  each  pair  of 
these  lines  indicate  the  number  of  spectral  lines  which  have  been 
ascertained  to  esist  between  them. 

Thus,  between  b'  and  o"  there  are  9,  between  c"  and  d'  30,  and  so 
on ;  the  entire  number  of  lines  between  the  first,  b',  acd  the  Beventh, 
h',  being  574.  The  remainder  of  the  spectral  lines  between  the 
extreme  red  and  b',  and  between  the  extreme  violet  and  n',  amount 
to  about  100 ;  but  they  are  more  difficult  of  olaeryation,  and  have 
not  been  so  precisely  ascertdaed. 

A  little  above  the  extreme  red,  there  is  a  well-defined  dark  line  a'  ; 
and  about  half  way  between  that  line  and  the  line  ly,  there  is  a  dark 
1      1     mj  sed    f  ghtl 

It  w  t       d  by  F         h  f      th  t  th       Im  Itogether 

Ipdt      h       fthmgtl      fth       ft, 
th        tt      f  th   p  d  th  t  th         mb        d 

m  (to    wh  t  p     m  b 
gh    d      tly  di     tly 

Th      t     t      d  th  t  th     p 
b     mov  1  ght       d  by  th     1  ^ht  of  the 
J I      t    gi         actly  th  1     B. 

lU        M  f  h  glh   spectral 

lines. — The  best  method  ot  observing 
these  interesting  phenomena  is  by  means 
of  telesoopes  and  a  prism,  represented  in 
^g.  359.  Let  a  narrow  slit  be  made  in  a 
window-shutter  or  a  screen,  so  aa  to  admit 
a  broad  thin  beam  of  the  sun's  light. 
This  slit  is  represented  in  section  at  right 
angles  to  its  length  at  o.  The  beam  of 
light  is  received  on  a  prism  of  the  finest 
and  purest  flint  glass  atjj.  After  being 
refracted  by  the  prism,  it  is  received  by  a 
small  telescope,  which  plays  upon  a  gra- 
duated arc,  on  which  is  a  second  telescope 
to  indicate  the  original  direction  of  the 
ray  op.  The  angle  under  the  two  tele- 
scopes will  indicate  the  refraction  which 
the  ray  has  suffered  by  the  prism.  The 
prisms  used  in  these  observations  have 
been  made  of  the  purest  and  finest  flint 
glass,  perfectly  free  from  threads  and  strife. 
The  prism  ought  to  he  placed  at  a  distance 
of  fifteen  or  twenty  feet  from  the  telescope, 
"  i  prism,  the  successive 


By  turning,  therefore, 


rays 'of  the  spectrum  are  made  to  pass  through  the  telescope,  so  that 
J  spectrum  may  be  viewed  successively  from  one  esftemity  to  the 
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otter.     The  telescopes  saited  to  tliese  observations  shouU  magnify 
from  eight  to  ten  times. 

1073.  Spectral  lines  ofarlificial  lights  and  of  the  moon,  planets, 
and  stars.  —  By  these  means  the  spectra  produced  not  only  bj  solar 
light,  hut  also  by  yarious  artificial  lights,  as  well  as  electric  light,  have 
been  observed.  The  electric  light  gives  the  spectral  lines  bright  in- 
stead of  dark,  one  of  the  most  remarkable  for  its  brilliancy  passing 
through  the  green  space.  The  flame  of  a  lamp,  whether  produced 
by  gas,  oil,  or  spirits,  also  gives  the  spectral  lines  bright.  Two  of 
these  are  espeoidly  distinguishable  io  tiie  red  and  orange  spaces, 

Tiie  moon  ajid  planets  have  the  same  daik  lines  as  the  un  bi  t  less 
eis  ly  d  stinguiwhable  e  peoially  near  the  extiemities  of  the  spei-trum 
The  spectra  pioduced  by  the  light  of  the  fised  stars  are  marked  with 
laik  hnea  b  it  little  different  in  their  numVei  intensity  and  disposi 
ti  n  fiDm  tho&e  esbiVitod  in  the  solar  sjb  trum  It  is  remark  ble 
that  the  'fpeotra  produced  by  difiLrent  fls'd  stars  differ  fiom  eath 
th  r 
1074  Use  of  spetlral  lina  as  standards  of  rtfrangibihly  — 
Th  ]n\anable  position  which  Frauenbofei  s  1  nes  a  e  found  to  have 
n  the  solai  spectrum  has  leadeied  them  eminently  useful  fir  estab 
lishiag  stanlaids  of  refiangibility  if  the  c  mponent  parts  of  lar 
1  ght  From  what  has  been  stated  respecting  the  gralual  vaiiati  n 
ut  the  tints  composing  the  solar  speotium  it  maybe  eiily  under 
stoxt  that  much  unoeitainty  will  attend  any  metho'U  of  defining  i 
pjrtit,ular  ray  to  which  a  certain  index  oi  refraction  in  imputed. 
Thus  the  middle  of  the  red  or  the  middle  of  the  green  space  is  neces- 
sarily an  indefinite  term,  so  long  as  the  limits  of  these  spaces  admit 
of  no  exact  definition. 

The  seven  lines  b',  C',  d',  &c.,  which  have  been  already  noticed, 
have  been  accordingly  adopted  as  points  invariable  in  their  position, 
of  which  the  indices  of  refraction  once  determined  may  always  serve 
as  standards  of  reference.  The  indices  accordingly  which  have  been 
given  in  table,  p,  125.,  are  those  which  belong  to  these  points,  n,  be- 
ing the  index  of  refraction  at  s'j  %  that  of  the  rays  at  c',  n^  at  D', 
and  so  on. 
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1075.  Relative  intensUi/  of  Ugltt  in  different,  parts  of  the  spec- 
frum.  —  !Frauenhofer  also  ascertained  by  photometric  observations  tlie 
relative  intensity  of  the  light  in  different  parts  of  the  spectrum. 

The  result  of  these  observatjoos  is  denoted  by  the  curve  marked 
"  Luminous  intenaty,"  in  fig.  360. ;  the  perpendicular  distaoce  of 
each  point  of  this  curve  from  the  edge  of  the  spectrum  being  propor- 
tional to  the  brilliancy  of  the  light  produced  by  a  flint  glass  prism. 
It  appears  from  this  that  the  moat  intense  illumination  corresponds  to 
a  point  about  the  middle  of  the  yellow  space. 

In  the  following  table  are  given  the  numerical  intensities  of  the 
other  points,  the  light  of  the  point  of  greatest  intensity  being  ex- 
pressed by  1000. 

^t  the  red  eilremity OOO 

AtB' 32 

Ate' 94 

Atn' 610 


At(/ 81 

AtH' 5-8 

At  Tiolet  extremity tlOO 

1076.  Rdaiive  calorific  irUensitti  of  the  spectral  rays.  —  The 
heating  power  of  the  light  composing  tiie  different  parts  of  the  spec- 
trum was  examined  first  by  the  late  Sir  William  Herscbell,  and  later 
by  M.  Berard,  Sir  H.  Davy,  MM,  Seebeck,  Wunsch,  and,  in  fine,  by 
M.  Melloni,  who  has  supplied  a  vast  body  of  interesting  experimente 
OB  this  subject.  The  general  result  of  these  observations,  the  details 
of  which  would  be  inadmissible  here,  are  as  follows :  — 

The  heating  power,  being  nothing  at  the  violet  extremity,  ang- 
ments  gradually  as  the  thermometer  is  moved  to  the  red  extremity. 

At  this  point,  or  near  it,  the  beating  power  is  a  masimum;  but 
the  presence  of  thermal  rays  beyond  the  red  extremity  is  manifested 
by  the  thermometer,  which,  though  it  declines  on  being  moved  be- 
yond this  extremity,  continues  to  show  a  temperature  greater  than 
that  of  the  surrounding  air,,  to  a  considerable  distance  from  the  spec- 

We  are  therefore  compelled  to  admit  the  existence  of  invisible  rays 
in  the  sun's  light,  which  have  the  power  of  producing  heat,  and  which 
have  a  leas  degree  of  refrangibility  than  red  light. 

The  curve  marked  "  Thermal  intensity,"  in  fig.  860.,  indicates  the 
variation  of  the  beating  power  of  the  rays  of  the  spectrum  in  the  same 
manner  as  the  former  curve  represented  tbelummous  intensity.  The 
point  of  maximum  thermal  intensity  is  according  to  some  at  the  red 
extremity,  and  according  to  others  a  little  below  it,  but  it  is  found 
that  this  depends  in  some  degree  upon  the  material  composing  the 
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1077.  Relative  cliemhal  iniensUy  of  the  spectral  rays.  —  Tlie 
action  of  light  in  changing  the  colour  of  certain  substances  has  long 
heeu  known;  but  one  of  the  most  remarkable  of  this  class  of  objects 
has  lately  acquired  increased  interest  from  its  application  in  the  art 
called  Diiguerreotype. 

If  the  chemical  substance  called  muriate  of  silver  be  exposed  to 
solar  light,  it  will  be  blackened.  Now,  in  order  to  ascertain  whether 
this  effect  is  due  oolleotively  to  all  the  rays  composing  solar  light,  or 
is  caused  by  the  action  of  some  rather  than  other  rays,  it  is  oalj  ne- 
cessary to  expose  it  successively  to  all  the  rays  compiling  the  pris- 
matic spectrum. 

If  this  be  done,  it  will  be  found  that  the  least  refrangible  rays  near 
the  red  extremity  do  not  produce  this  effect  in  any  sensible  degree, 
while  the  more  reft-angible  rays  at  the  violet  extremity  produce  it  in 
a  very  great  degree;  in  a  word,  by  aacevlaining  and  indicating  the 
intensity  of  this  chemical  action  in  the  same  manner  as  the  intensities 
of  the  illuminating  and  heating  power  as  already  espressed,  we  shall 
he  enabled  to  determine  the  curve  of  chemical  intensity  indicated  in 
Jig.  360.,  from  which  it  appears  that  this  action  is  at  its  masimum 
near  the  boundaiies  between  the  yiolet  and  the  indigo. 


1078.  Chromatic  aberration  of  lenses. — It  appears  from  what 
has  been  established  in  Chap,  X.,  that  the  power  of  a  lens  whether  it 
be  convergent  or  divergent,  and  therefore  also  its  focal  length,  de- 
pends not  only  on  the  euri'ature  of  its  surface,  but  on  the  index  of 
refraction  of  the  substance  composing  it. 

But,  from  what  has  been  explained  in  the  last  chapter,  it  appears 
that  the  indes  of  refraction  for  the  same  transparent  medium  is  differ- 
ent for  the  different  component  elements  of  light.  Thus,  the  index 
of  refraction  for  flint  glass,  which  corresponds  to  violet  light,  is  greater 
than  the  index  of  refraction  for  red  light,  the  former  being  more  re- 
frangible than  the  latter.  The  focal  length,  therefore,  of  a  lens  for 
red  light,  will  be  different  from  the  focal  length  of  the  same  lens  for 
the  violet  light.  This  circumstance  produces  important  consequences, 
which  we  shall  now  proceed  to  explain. 

Let  A  B  c,fg.  361.,  be  a  converging  lens,  which  we  will  hero  sup- 
pose to  be  double  convex.  Ifa  focal  length  F  will,  according  to  what 
has  been  explaiced  in  Chapter  X.,  be 


-(._i)(^  +  /)' 


vitKT 


Jig,  361. 

wiere  r  and  r'  express  tbe  length  of  tbe  radii  of  the  has,  and  n  the 
icdes  of  refraction.  Now,  since  the  index  of  refraction  which  cor- 
responds to  the  eztretne  Tiolet  rays  is  greater  than  fie  index  of  re- 
fraction which  corresponds  to  the  estreme  red  rays,  the  value  of  f 
will  he  less  for  the  former  than  for  the  latter;  and,  consequently,  the 
focus  of  the  estreme  violet  rays  will  he  nearer  tbe  lens  than  the  fooua 
of  the  estreme  red  rays;  and,  in  like  manner,  it  follows,  that  the 
focua  of  the  rays  of  intermediate  refrangihilitiea  will  lie  between  those 
two  points. 

If  V  and  B,  therefore,  Ise  the  fora  of  the  estreme  -violet  and  ex- 
treme red  rajs  respectively,  the  foci  of  all  the  rays  of  intermediate 
refrangihilities  will  he  disdibuted  between  v  and  k. 

Let  lis  suppose  any  object  whicb  ti-ansmits  the  extreme  violet  light 
to  he  placed  before  the  lens  at  snch  a  distance  that  the  pencil  of  raya 
proceeding  from  each  point  upon  it  to  the  lens  may  be  considered  as 
consisting  of  parallel  raj^;  an  inverted  image  of  snch  object  will  be 
formed  at  v  v',  at  a  distance  E  vfrom  the  lens  determined  by  the  pre- 
ceding formula,  n  having  in  it  the  value  which  corresponds  to  the  index 
of  the  extreme  violet  rays. 

If,  now,  a  similar  and  eqnal  object  be  similarly  placed  before  the 
lens,  hut  emitting  the  extreme  red  light  instead  of  the  estreme  violet 
light,  an  inverted  image  of  this  object  will  be  formed  at  r  r',  at  a  dis- 
tance BR  from  the  lens,  determined  in  like  manner  by  the  above  for- 
mula, in  which  tbe  value  assigned  to  n  shall  be  the  index  of  refraction 
corresponding  to  the  extreme  red  light. 

If,  in  like  manner,  the  object  placed  before  the  lens  be  supposed 
to  be  successively  illuminated  by  ail  the  varying  tints  of  the  spec- 
tium,  a  succession  of  inverted  images  corresponding  in  colour  to  these 
tints  will  he  formed  at  oo',  yy',gg',bb\  and  if,  oetsveen  e  and  v. 

Now  :f  the  object  placed  before  the  lens,  instead  of  being  saccea- 
'*ively  lUummated  by  these  various  homogeneous  lights,  be  illumi- 
nated with  the  white  light  of  the  sun,  or  if  such  object  be  the  suu 
it&elf,  tliea  the  various  component  parts  of  the  light  which  it  transmits 
will  be  brought  by  the  lens  to  differeat  foci  corresponding  to  their 
vaiioiis  degiees  of  refran Ability,  and  the  leas  wOl  accordingly  pro- 
duce, not  one  white  image,  but  an  infinite  number  of  colonred  images 
included  between  the  extreme  portions  v  and  e.     Each  ray  will  form 
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an  image,  liaviag  a  position  and  eoloiir  corresponding  to  its  degree 
of  refrangibility,  and  the  space  included  between  v  and  a  will  be  a 
truncated  cone  filled  with  images,  which  increase  in  magnitude  from 
V  to  R,  and  which,  be^nning  with  a  violet  colour  at  v,  pass  through 
all  the  tints  of  the  spectrum ;  the  last  image  at  r  having  a  red  cobui 
corresponding  to  the  red  of  the  extreme  light  of  the  spectrum. 

A  white  screen  held  at  a  would  exhibit  a  well-defined  red  image 
of  the  object,  if  it  did  not  also  receive  upon  it  the  pencils  of  rays 
forming  all  the  other  images  between  B  and  V,  such  pencils  diverging 
from  the  various  points  of  such  images.  Thus,  a  pencil  which  ia 
brought  to  an  exact  focus  upon  the  image  oo",  would  form  upon  a 
a  screen  placed  at  rr\  not  a  point,  but  a  small  spot  of  orange  light. 
In  like  manner,  a  pencil  whose  focus  lies  upon  the  image  y  y'  would 
form  upon  a  screen  placed  at  b  a  small  spot  of  yellow  light,  greater 
in  magnitude  than  the  spot  of  orange  light,  because  of  the  greater 
distance  of  its  focus  from  the  screen.  In  like  manner,  the  points 
upon  the  image  gg\  h  b',  i  i',  and  v  v',  would  produce  upon  the  screen 
at  r  luminous  spots  of  green,  blue,  indigo,  and  violet  light,  increasing 
in  magnitude  in  proportion  to  their  respective   distances  from  the 

The  image,  therefore,  formed  upon  the  screen,  arising  from  this 
combination  of  pencils  of  variously  coloured  lighfa,  will  exhibit  a  con- 
fused representation  of  the  object ;  the  colours  diffiased  over  the  inter- 
nal parts  of  its  area  being  those  which  combined  together  form  whit« 
light,  the  general  area  of  the  image  will  not  be  coloured ;  but  the 
coloured  pencils  thus  mingled  together,  being  none  of  them  brought 
to  their  foci  on  the  screen,  except  those  of  the  extreme  red  light,  a 
confusion  will  ensue.  At  the  edges  there  will  be  coloured  frmges, 
because  at  the  edges  the  pencils  diverging  from  the  edges  of  the  series 
of  images  do  not  overlay  each  other  as  they  do  at  the  central  pencils ; 
and,  consequently,  the  colours  necessary  for  the  production  of  white 
light  are  not  mingled  in  these  pencils. 

The  consequence  of  all  this  is,  that  there  will  be  formed  upon  the 
Boreeu  an  image  of  the  object,  everywhere  indistinct,  and  fringed  with 
prismatic  colours  at  its  edges. 

The  degree  of  indistinctness  and  the  breadth  of  the  fringes  will 
depend  upon  the  length  of  the  space  v  H;  that  ia  to  say,  upon  the 
dispersion  produced  by  the  lens,  and  also  upon  the  difference  between 
the  magnitudes  of  the  extreme  im^es  r  r'  and  v  v',  which  latter  de- 
pends upon  the  opening  of  the  lens  r  b  i-',  and  on  the  dispersion  V  E 
conjointly. 

The  consequence  of  this  is,  the  indistinctness  of  the  image  and  the 

coloured  fringes  ■arising  from  this  cause  increase  as  the  focal  length 

of  the  lens  diminishes,  as  its  opening  increases,  and  as  the  dispersive 

power  of  the  material  of  which  it  is  composed  increases. 

These  effects  ai'e  called  the  chromatic  aierration  of  lenses. 

SI*  _  605 
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1079.  Aberration  of  a  diverging  lens. — Wc  taYC  assumed  in  the 
preceding  esamples  that  the  lens  is  a  converging  lens;  and,  conse- 
quently, that  the  inaage  of  a  distant  object  is  real,  and  may  be  exhi- 
bited on  a  screen. 

If,  however,  the  lens  be  a  diver^ng  lens,  the  effects  of  aberration 
will  be  the  same,  but  the  image  being  imaginary  cannot  be  exhibited  in 
the  same  manner.    A  diverging  lens  A  B  0  is  represented  in^g'  362. 

Let  the  object,  as  befoio,  be  placed  at  such  a  distance  from  it  that 
the  pencils  proceeding  from  it  mny  be  consideied  as  parallel  After 
passing  through  the  lens  they  will  diverge  is  if  they  hid  proceeded 
from  an  object  placed  at  a  distance  bef  jre  the  lens,  equal  to  its  focal 
length.  Thus,  if  the  object  emit  red  hgbt  the  rays  attpr  passing 
through  the  lens  will  diverge  aa  if  tbpy  hod  proeeedei  from  r  i-*  at 
the  distance  B  R,  equal  tithe  pnncijal  fotal  length  coiresponding  to 


the  indes  of  refi-action  of  red  rays;  and  in  like  manner,  if  the  object 
transmit  violet  rays,  the  light,  after  passing  through  the  lens  will 
diverge  as  if  it  had  proceeded  from  points  in  an  object  placed  at  v  v', 
and  for  the  iafermediate  colours  it  would  diverge  as  if  it  had  pro- 
ceeded from  intermediate  points  between  E  and  v. 

Thus,  if,  as  before,  the  object  be  supposed  to  emit  white  solar  light, 
the  rays  after  passing  the  lens  would  diverge  from  points  between  r 
and  Y,  varying  according  to  their  refrangibilitiea  in  the  manner  already 


.  Images  formed  by  single  lenses  must  always  he  coloured. — 
It  appears,  therefore,  from  what  has  been  here  explained,  that  no 
^ngle  lens  can  produce  a  diatinot  image  of  an  object  free  from 
coloured  fringes,  since  to  accomplish  this  it  would  be  necessary  that 
each  lens  should  possess  the  same  power  of  convergence  over  al!  the 
component  rays  proceeding  from  all  points  of  such  object. 

But  since  the  converging  power  of  the  lens  depends  upon  the  index 
of  refraction  of  the  light,  and  since  the  index  of  refraction  varies 
with  the  colour  and  refrangibility  of  the  light,  it  follows  that  unless 
the  object  transmit  light  of  a  single  refrangibility,  that  is  to  say, 
homogeneous  light,  the  leas  cannot  cause  the  pencils  which  proceed 
from  it  to  converge  to  the  same  fooua,  and,  consequently  cannot  pro- 
duce a  distinct  image.  This  object,  however,  which  cannot  be  accom- 
plished by  a  single  iens,  may  be  attained  by  a  combination  of  lenses 
606 
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composed  of  transparent  substances,  which  differ  from  each  other  iu 
their  dispersive  powers. 

1081.  Conditions  under  which  combined  lenses  may  he  rendered 
achromatic. — To  put  the  question  first  under  its  most  simple  fonn,  let 
it  be  required  to  find  what  form  must  he  given  to  two  lenses  com- 
posed of  media  having  different  refracting  powers,  so  as  to  render  the 
focal  length  of  the  oomponnd  lens  for  light  of  any  one  refrangibility, 
equal  to  its  focal  length  for  light  of  any  other  refrangibility. 

Let  f'  and  e"  be  the  focal  lengths  of  the  two  lenses  for  light,  of 
which  the  iudicea  of  refraction  are  n'  and  n"  for  the  media  compos- 
ing the  lenses  respectively. 

httf  andy"  be  their  focal  lengths  for  light  of  which  the  indices 
of  refraction  are  m'  and  m". 

Let  p  be  the  focal  length  of  the  compound  lens. 

The  converging  power  of  the  compound  lens  on  each  kind  of  light 
will  be  equal  to  the  sum  of  the  converging  powers  of  the  two  lenses 
separatfliy  on  the  same  kind  of  light.     The  converging  power  of  tho 

■mpound  lens,  therefore,  on  the  light  whose  indices  of  refraction  are 


n'  and  n",  will  b 


1         1 

erging  powers  on  the  light  w 


/'  '  /'■ 

But  since,  by  the  supposition,  these  two  converging  powers  must 
be  rendered  equal,  we  shall  have 

The  question  is,  then,  to  assign  siiah  magnitudes  to  the  radii  of  tho 
surfaces  of  the  lenses  as  will.make  them  fulfil  this  condition. 

Let  E|  and  Ka  be  the  radii  of  the  surfaces  of  the  first,  aud  r, 
and  j'a  those  of  the  surfaces  of  the  second  lens.  We  shall  then  hsifc, 
by  the  formula  given  in  1031.  and  1032., 

1  „  (»'"l)(Bi-R.) 


^  ('^^-DCh.-k.) 


(»" 
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LIGHT. 

we  stall  have 

1111 

therefore 

'p~f=r^i" 

(»'-» 

a,  X 

-R.)             (»"-».")(n-r,) 

Ha                                 r,  X  »-2            ' 

and  coiisec(ueii% 

% 

^l 

The  numhers  expressed  by  n'  —  m'  and  n"  —  m  aie  the  difier 
encea  between  the  indices  of  the  two  ligbt-a  bavitig  different  lefran 
gibilities,  which  are  supposed  to  he  transmitted  thiough  the  lenses 
These  are  the  dispersive  powers  of  the  media  comi  osing  tbe  lenses 
for  each  of  the  two  lights.  If,  then,  the  radii  of  the  two  lenses  be 
so  selected  as  to  render  the  fraction  expressed  by  the  second  member 
of  the  pieceding  equation  equal  to  the  ratio  of  the  dispei-sne  powers 
of  the  material  of  the  lenses  for  the  two  sorts  of  light  thej  will  be 
lie  focus  by  the  compound  lens. 

To  simphfy  this,  let  us  di^eit  the  preceding 
formula  of  its  generality,  and  suppose  that  tlie 
fii-st  is  a  double  convex  lens  l  /{^  863  with 
equal  radii,  and  that  the  second  is  a  double  con 
cavB  lens  !■',  the  surface  of  which  in  contiot  with 
the  first,  has  the  same  ourvatuie  with  it  and  eon 
sequently  the  same  radius.  Observing  that  when 
tie  convezities  are  turned  in  contriry  directions 
the  radii  have  contrary  signs,  the  pieeedmg  for- 
malse  will  now  be  reduced  to 


Now  it  is  always  possible  so  to  select  the  radii  as  to  fulhl  th  s  con 
dition;  and  therefore  a  compound  lens,  composed  of  tw  lenses  of 
different  refracting  media,  can  always  be  constructed  which  wil!  1  ring 
to  the  same  focus  two  lights  of  different  refrangibilities 

Let  us  suppose  that  the  double  convex  lens  is  c  mpoae  1  f  ci  wn 
glass,  for  which 

n'  ^  1'646566,  m'  =  1525832, 


and  the  double  concave  of  flint  glass,  for  which 

H"  =  1'671062  w"  =  1-627749  • 
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wo  sball  tterefoi'e  tave 

rf  — m'        20734  _r^  — R,  . 

k"::;:^^' "  43313  ~    sr^    ' 

from  ■wbioli  we  find  tliat 

r^  =  2347  X  R,. 
The  radius  of  the  second  surface  of  the  double  concave  lens  must  in 
this  case,  therefore,  be  28    tim     th       ins    fth    d    11 

It  is  easy  to  'show  th  t    f  th    tw    1  w  mp    ed    f  f,l 

having  equal  disper^on     th  It  w    1 1      t      pply        1  fci        f 

the  problem ;  for  in  th  t  ease  w  h  Id  h  th  1  f  th  - 
eond  surface  of  the  do  hi  ca     1         q  al  to  th    rad         f  the 

double  convex,  and  conseq      tly  th       f     ti       f  t!    tw   1  w    Id 

neutralize  eaoh  other,  adp  11  1  yw  Idm^  paidll  1  It  s 
therefore  essential  to  the  solution  of  the  problem  that  the  two  lenses 
should  be  composed  of  glass  or  other  transpai*ent  media  having  differ- 
ent dispersive  powers. 

If  the  dispersive  powers  of  the  two  lenses  for  every  part  of  the  light 
mp       gli     petrunw        nth       no  ratio,  which  would  be  the 
f  th       i  urs  fill  d  p    po  t       I    ^aoes  in  the  two  spectra,  the 
I  th  n  wh   h  w  uH  bnn    tw       loured,  rays  to  the  same  focus 

w  11  b  g  U  th  1  urs  to  th  t  focus,  and  they  would  be  abso- 
1  Ij  hnxt  Etthabnal  eady  expMned  that  different 
tran  p  ut  m  di  n  t  nly  p  d  pectra  of  different  lengths,  but 
Idhmt  lulpoendfl  rent  proportions.  It  follows, 
th  f  re  that  alth  ugh  th  da  f  the  lenses  be  in  the  necessary 
[pbntth      dp  pwrs       r  hghts  of  two  particular  col- 

th  y  will  ntb  nthjptiu  uecessary  to  bring  the  lights 
ot  other  colours  to  the  same  focus.  In  this  case,  nevertheless,  by 
brin^ng^  together  the  extreme  images  r  r'  and  it  v',  the  longitudinal 
iihromatio  aberration  r  t  is  considerably  diminished;  so  much  so,  that 
in  most  cases  the  indistinctness  of  the  image  and  the  coloured  fringes 
are  not  perceptible  with  a  li-iple  lens,  so  adapted  as  to  achromatize 
rays  of  three  refrangibihtJes,  such  as  the  extreme  and  mean  rays  of 
the  spectrum :  there  is  thus  an  annihilation  of  chromatic  aberration 
tor  all  practical  purposes,  so  that  achromatism  may  be  conceived  to 
be  realized. 


CHAP.  xiy. 


1082.   Sense  nf  sigU  an 
he  organs  of  sense  there  is 
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stare  of  !cnow!ei3ge  of  esternal  nature  as  the  eye.  Altiiough,  stnetly 
spoaliing,  this  organ  ia  cogniBant  only  of  light  and  colours,  yet  from 
tiie  effects  of  them  we  are  enaUed  by  habit  and  reflection  to  infer 
with  great  promptitude  and  preoisioQ  the  forms,  magnitudes,  motions, 
distances,  and  posiliona,  not  only  of  the  objects  around  us,  but  of  the 
great  bodies  of  the  universe.  Indeed,  it  is  to  the  information  derived 
from  the  eye  alone  that  we  are  indebted  for  ail  the  knowledge  we 
possess  of  the  material  uniuerse  beyond  the  immediate  precincts  of  the 
world  we  inhabit. 

1033.  Knowledge  of  the  sirueture  of  the  eye  necessary  to  compre- 
hend  optical  instruments.  — The  eye,  therefore,  is  a  subject  of  inter- 
esting inquiry,  were  it  only  for  the  importance  of  the  information  it 
conveys  to  us ;  but  it  is  also  necessary  to  understand  its  structure  and 
functions  before  we  can  comprehend  the  use  and  application  of  those 
optical  instruments  which  have  been  adapted  with  such  marvellous 
success  to  enlarge  the  range  of  vision. 

It  is  necessary  first  to  investigate  the  powers  of  the  organ  of  sight, 
and  to  determine  the  conditions  which  limit  these  powers,  before  we 
can  appreciate  the  instruments  by  which  these  limits  are  extended. 

10S4.  Structure  of  ike  eye.  —  The  eyes,  as  they  exist  in  the  hu- 
man species,  have  the  form,  aa  is  well  known,  of  two  spheres,  each 
about  an  inch  in  diameter,  which  are  surrounded  and  protected  by 
strong  bony  sockets  placed  on  each  side  of  the  upper  part  of  the  n 
The  osteraal  coating  of  these  spheres  is  lubricated  by  a  f 


V 


i  \  -. 


THE  EYE.  141 

in  adjacent  glands,  afld  spread  upon  them  from  time  to  time  liy  the 
action  of  tlie  eyelids  ia  winking. 

The  eye-)Da,lls  are  moved  bj  muscles  connected  witk  ttem  within 
the  socket  which  move  them  upon  the  principle  known  in  mechanics 
as  the  ball  and  socket  joint, 

A  front  Tiew  of  the  eyes  and  surrounding  parts  is  represented  in 
fig.  364.;  and  a  section  of  them  made  hy  a  horizontal  plane  through 
the  hne  A  B,  which  passes  through  the  centre  of  the  point  of  the  eye- 
balls, is  represented  iofig.  365. 

1085.  The  sclerotica  and  cornia.  —  The  external  coating  o  d  r  e 
consists  of  a  strong  and  tough  memhrane,  called  the  selerolica,  or 
eclerotjo  coat.  A  part  of  this  membrane  is  visible  when  the  eje-lids 
are  open  at  W,  jSg.  364.,  and  is  called  the  wJdte  of  the  eye.  In  this 
part  of  the  eye-hall  there  is  a  circular  opening  formed  in  this  sclerotic 
coat,  which  ia  covered  by  a  thin  and  perfectly  transparent  shell  D  a  F, 
called  the  cornea.  This  cornea  is  more  convex  than  the  genera)  sur- 
face of  the  eye-ball,  and  may  be  compared  to  a  TOatch-glasa.  It  ia 
connected  round  its  edge  wife  the  sclerotica,  which  differs  from  it, 
however,  both  in  colour  and  opacity,  the  sclerotica  being  white  and 
opaque,  while  the  cornea  iS  perfectly  colourless  and  transparent.  The 
thickness  of  this  cornea  is  everywhere  the  same. 

The  cornea  covers  that  part  of  the  point  of  the  eye  which  is  col- 
oured, and  is  terminated  round  the  coloured  part  at  the  commence- 
ment of  the  white  of  the  eye. 

1086.  The  agueous  hwiwur  —  the  iris  —  the  pupil.  —  Within  the 
cornea  ia  a  small  chamber  filled  with  a  fransparent  liquid,  called  the 
aqueous  kuimuT.  This  chamber  is  partially  divided  by  a  thin  annu- 
lar partition  I,  called  the  iris,  in  the  centre  of  which  there  is  a  oireu- 
lar  aperture  P,  called  the  pupil.  The  iris  is  a  memhranoua  sub- 
stance varying  in  colour  in  different  individuals.  It  is  this  which 
gives  the  peculiar  colour  to  the  eye.  It  is  the  pupil  which  presents 
the  appearance  of  a  black  spot  in  the  centre  of  the  coloured  part  of 
the  eye.  A  front  view  f  h  is  1  pupil  is  given  at  i  and  p,  in 
jig.  364.,  and  a  sect  n  h  ndicated  by  the  same  letters  in 
M-  365. 

1087.  The  crystaU  m  1  —  liary  processes.  —  The  cham- 
ber contwning  the  aqu  u  hum  u  s  terminated  at  its  posterior 
part  by  a  substance  in  h  f  m  f  a  double  convex  lens,  which  con- 
tains another  transpar  n  1  q  d  11  d  the  crystalline  kumow.  This 
lens  K  is  somewhat  greater  in  diameter  thin  the  pupil,  and  it  is  sup- 
ported by  a  ring  of  muscles,  called  the  ciliary  processes,  represented 
at  L,  in  such  a  position  that  its  asis  passes  through  the  centre  of  the 

Thus  the  cryBtalline  and  the  ciliary  procesiei,  with  the  cornea,  in- 
clude the  membrane  containing  the  aqueous  humour 

1088.  The  cJwroid.  —  Within  the  sclerotica  js  a  second  coat  n, 
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called  the  choroid.  This  is  a  ■vnsculav  membrane  which  lines  the 
internal  surface  of  the  sclerotic  coat,  and  which  terminates  in  front  in 
the  ciliary  procesaea,  hy  wliioh  the  crystalline  lens  is  set  in  it  in  the 
same  manner  as  the  cornea  is  set  in  the  Bolerotio  coat. 

Some  anatomists  maintain  tbat  the  iris  is  only  a  continiiation  of  the 
choroid,  and  that  the  cornea  is  a  continuation  of  the  sclerotic  coat, 
which  there  becomes  transparent.  The  inner  surfeoe  of  this  choroid 
coat  is  covered  with  a  slimy  pigment  of  -an  intensely  black  colour,  by 
■which  the  reflection  of  the  light  entering  the  eye  is  prevented, 

1089.  The  retina  —  the  vitreous  humour.  —  A  third  coating,  re- 
presented at  0,  called  the  retina,  from  the  resemblance  of  its  stracture 
to  network,  lines  this  blaek  coating. 

The  internal  membrane  Q  of  the  eye-ball  contains  another  trans- 
parent liquor,  called  the  vitreous  humour,  which  is  included  in  a  mem- 
branous capsule,  called  the  hyaloid. 

Thus  between  the  cornea  and  the  posterior  surface  of  the  eye  there 
are  three  successive  humours;  the  aqueous,  contained  by  the  cornea; 
the  crystalline,  conbuned  by  the  crystalhne  tens ;  and  the  vitreous, 
which  fills  the  inner  and  larger  chamber  of  the  eye-ball. 

1090.  The  optic  axis  —  the  optic  nerve.  —  A  straight  line  mt 
passing  through  the  centre  of  the  cornea,  coinciding  with  the  axis  of 
the  crjslalline  lens,  and  passing  through  the  centre  of  the  eye-ball,  is 
called  the  optical  axis,  or  the  wans  of  the  eye. 

At  a  point  of  the  posterior  surface  of  the  eye-ball  between  the 
optical  axis  M  T  and  the  nose,  the  sclerotic  coat  is  formed  into  a  tube, 
which  leads  ba^ikwards  and  upwards  towards  the  brain.  This  tube 
contains  within  it  the  optic  nerve,  which  at  the  point  0  e,  where  it 
enters  the  eye-ball,  spreads  out  over  the  inner  surface  of  the  choroid 
and  forms  the  retina,  and  immediately  includes  the  hyaloid  capsule 
containing  the  vitieous  humonr. 

The  retina  must  therefore  bo  regarded  as  nothing  more  than  tho 
continuation  and  diffusion  of  the  optio  nerve. 

The  retina,  which  m  dissection  admits  of  being  easily  separated 
from  the  choroid,  is  absolutely  transparent,  so  that  the  light  or  colours 
which  enter  the  inner  chamber  of  the  eye  are  not  intersected  by  it, 
but  penetrate  it  as  they  would  any  other  thin  and  perfectly  frans- 
pai-ent  substance,  and  are  only  arrested  by  the  black  coating  spread 
upon  the  choroid. 
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lOOUis  of  Ii 

Riidiua  of  sclerotiu  coating 89  to 

Eadiaa  of  cornea 28  — 

External  diameter  of  iria. 43-— 

Diunieter  of  pnpil 12  — 

Thickness  of  oomea i 

Distance  of  pupil  from  centre  of  cornea. 8 

Distance  of  pnpil  from  centi'e  of  cr^stalliae 4 

Kadius  of  anterior  Burfaoe  of  orjatalline 2S  — 

Radius  of  posterior  surface  of  crystalline ^  — 

Diameter  of  orjstalliae S9 

Tliiekness  of  do 80 

Lengtii  of  opdo  axis 8 

Index  of  refraotion  fnna  air  into  ac[ii«ons  humour 

Index  of  refraclioa  from  lur  into  yit^^ons  humour 

Index  of  refraodon  from  air  into  crystalline  humour : — 

At  the  aiufaoe 

At  the  centre 

At  the  mean 

Index  of  refraction  from  aqueous  humour  to  crystalline  humour: — 


According  to  Sir  D,  Brewater,  who  has  supplied  tho  preceding  in- 
dices of  refraction,  the  focal  lengtii  of  the  erystalUne  is  1'73  inches. 

1092.  Limits  of  the  play  of  the  eye.  — The  limits  of  the  play  o£ 
tbe  e  je-ball  are  as  follows :  —  The  optic  axis  can  turn  in,  the  horiBontal 
plane  through  an  angle  of  60°  towards  the  nose,  and  90°  outwards, 
giving  an  entire  horizontal  play  of  150°.  In  the  vertical  direction  it 
is  capable  of  turning  through  an  angle  of  50°  upwards  and  70°  down- 
wards, ^ving  a  total  vertical  play  of  120°. 

1093.  The  eye  not  perfectly  achromatic.  —  Sir  David  Brewster  is 
of  opinion  that  the  eye  is  not  perfectly  achromatic,  but  that  the  chro- 
matic aberration  is  so  small  as  to  produce  no  indistinctness  of  vision. 
He.  says,  if  we  shut  up  alt  the  pupil,  except  a  part  of  its  edge,  or  look 
past  the  finger  held  near  the  eye,  until  tho  finger  almost  hides  a  nar- 
row line  of  white  light,  we  shall  see  a  distinct  prismatic  spectrum  of 
this  line  containing  all  the  usual  colours,  — an  effect  which  could  cot 
take  place  if  the  eye  were  perfectly  achromatic. 

1094.  But  must  be  very  nearly  so.  —  Nevcrtbcloss,  it  is  certain 
that  if  the  achromatism  of  tie  eye  be  not  perfect,  it  is  very  nearly  so. 
Inthe  analogy  observable  between  the  forms  and  relative  densities  of 
the  transparent  huraonrs  which  compose  this  organ,  the  achromatic 
combinataon  of  lensra  ia  too  striking  to  be  casual ;  and  we  are  irre- 
sistibly impressed  with  the  conviction  that  the  combination  is  made 
to  be  nearly  aohromatio.  The  two  nienisouses  formed  by  the  aqueous 
and  vitreous  humours,  having  the  double  convex  erystalltne  placed 
between  them  of  greater  density  than  cither,  and  the  two  former  diffor- 
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ing  from  each  other  in  density,  appear  to  fulfil  tlio  conditaona  of  acliro- 
jnatism  in  a  atdking  manner;  and  it  is  doubtless  to  this,  corabjnatjoa 
that  is  duo  the  apparent  ficedom  from  colour  in  the  image  depicted  on 
the  retina. 

1095.  Spherical  aberration  of  the  eye  corrected.  —  Sir  David 
Brewater  ia  also  of  opinion  that  the  spherical  aberration  of  the  eye 
is  corrected  by,  the  varying  density  of  the  crystalline  lens,  which, 
having  a  greater  refractive  power  near  its  centre,  refracts  the  central 
rays  in  each  pencil  to  the  same  point  as  its  external  rajs. 

The  optic  nerves  K,  which  proceed  from  the  two  eyes,  decussate, 
tb  it  IS,  cross  each  other  Lie  the  ktfer  x,  befoie  they  reach  the 
bidin 

1096  Efect  nf  an  i/lutninaled  oh/tct  placed  hefore  the  eye. — 
The  stiucture  of  the  eye  being  thug  undpistood,  it  will  be  easy  to 
explain  the  effect  pioduoed  withm  it  by  Inraraous  or  illuminated 
obiccts  placed  hefore  it 

Let  us  suppose  a  pencil  of  light  proceeding  fiom  any  luminous 
object,  such  ss  the  sun,  incident  upoa  that  part  of  the  eye-ball  which 
is  loft  nnoovereci  by  the  open  eye-lids. 

That  part  of  the  pencil  which  falls  upon  the  white  of  the  eye  w, 
jig-  364,,  ia  irregwlaily  reflected,  and  renders  visible  that  part  of  the 
eye-ball.  Those  rays  of  the  pencil  which  fall  upon  the  cornea  pass 
through  it.  The  exterior  raja  fall  upon  the  iris,  by  which  they  are 
irregularly  reflected,  and  reader  it  visible.  The  internal  rays  paaa 
through  the  pupil,  are  incident  upon  the  crystalline,  which,  being 
transparent,  is  alao  penetrated  by  them,  from  which  they  pass  through 
the  vitreous  humour,  and  finally  reach  the  posterior  surface  of  the 
inner  part  of  the  eye,  where  they  penetrate  the  transparent  retina, 
and  are  received  by  the  black  surface  of  the  choroid,  upon  which  they 
produce  an  illuminated  spot. 

The  aqueous  humour  being  more  dense  than  the  external  air,  and 
the  surface  of  the  cornea,  which  includes  it,  being  convex,  rays  pass- 
ing from  the  air  into  it  will  be  rendered  more  convergent  or  less 
divergent.  In  like  manner,  the  anterior  surface  of  the  crystalline 
lens  being  convex,  and  that  humour  being  more  dense  than  the 
aijueous,  a  further  convergent  efiect  will  be  produced. 

Again,  the  posterior  surface  of  the  crystalline  being  convex  towards 
the  vitreous  humour,  aud  this  latter  humour  being  less  dense  than 
the  cryslalJine,  another  convergent  effect  will  take  place.  These  rays 
passing  successively  through  these  three  humours,  are  rendered  at 
each  surface  more  and  more  convergent. 

109*7.  Iniage  formed  loithin  the  eye.  —  If  an  object  he  placed  be- 
fore the  eye,  pencils  of  rays  will  proceed  from  it,  and  penetrate  the 
successive  humours ;  and  if  these  pencils  be  brought  to  a  focus  at  the 
posterior  surface  cf  the  eye,  an  inverted  image  of  the  object  will  be 
formed  there,  exactly  as  it  would  be  formed  by  lenses  composed  of 
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any  transpateat  medium  whose  refractiag  powora  would  corrcspoEd 
with  each  of  tte  bumours  of  the  eye. 

1098.  E^erimental  pToof  of  its  es:istence.  —  That  this  phenome- 
noa  is  aotually  produced  in  the  interior  of  the  eye  may  be  rendered 
experimentally  miinifest  by  taking  the  eye-hall  of  an  os  recently 
killed,  aad  dissecting  the  posterior  part,  so  as  to  lay  bare  the  choroid. 
If  the  eye  thus  prepared  be  fised  in  an  aperture  in  a  screea,  and  a 
candle  be  placed  before  it  at  a  distance  of  eighteen  or  twenty  inches, 
an  inverted  image  of  the  candle  will  be  seen  through  the  retma,  as  if 
it  were  produced  upon  ground  glass  or  oiled  paper. 

1099.  Immediate  cattse  of  vision.  —  It  appears,  then,  that  tte  im- 
mediate cause  of  vUion,  and  the  immediafa  object  of  perception  in  the 
aensorium  when  we  see,  is  the  image  thua  depleted  on  the  retina  by 
means  of  the  refracting  powers  of  the  humours  of  the  eye. 

1100.  Conditions  of  perfect  vision.  —  la  order,  therefore,  to  per- 
fect vision,  the  following  conditions  must  be  fulfilled :  — 

1°.  The  image  on  the  retina  must.be  perfectly  distinct. 

2°.  It  must  have  sufficient  magnitude. 

3°.  It  must  be  auffidently  illuminated. 

4°.  It  must  continue  on  the  retina  for  a  sufficient  length  of  time, 

Let  US  esamine  the  circumstances  which  affect  these  conditions. 

1101.  1".  Distinctness  op  the  image. 

The  image  formed  on  the,  retina  will  be  distinct  or  not,  according 
as  the  pencils  of  rays  proceeding  from  each  point  of  the  object  placed 
before  the  eye,  are  brought  to  an  exact  focus  on  the  retina  or  not.  If 
they  be  not  brought  to  an  esact  focus  on  the  retina,  their  focus  will 
be  a  point,  therefore,  beyond  the  retina,  or  within  it. 

In  either  case,  the  rays  proceeding  from  any  part  of  the  object,  in- 
stead of  forming  a  corresponding  pomt  on  the  retina,  will  form  a  spot 
of  more  or  less  magnitude,  according  t«  the  distance  of  the  focus  of 
the  pencil  from  the  retina,  and  the  aasemhli^  of  such  laminoas  spots 
will  form  a  confused  picture  of  the  object.  This  deyiation  of  the 
fooi  of  the  pencils  from  the  retina  is  caused  by  the  refraoting  powers 
of  the  eye  being  cither  too  feeble  or  too  strong.  If  the  refracting 
power  be  too  feeble,  the  rays  are  intercepted  by  the  retina  before  they 
are  brought  to  a  focus ;  if  the  refracting  power  be  too  strong,  they  are 
brought  to  a  focus  before  they  arrive  at  the  retina. 

1102.  Effects  of  distant  atid  near  objects.  —  The  objects  of  vision 
may  be  distributed  into  two  classes,  in  relation  to  the  refracting  powers 
of  tiie  eye:  1st,  those  which  are  at  so  great  a  distance  from  the  eye, 
that  the  pencils  proceeding  from  them  may  be  regarded  as  consiatiDg 
of  parallel  rays ;  Sdly,  those  which  are  so  near  that  their  rays  have 


It  has  been  stated  that  the  diameter  of  the  pupil  varies  from  ^  to  i 
an  inch  in  magnitwde,  the  variation  depending  upon  a  power  of  dila- 
tation and  contraction  with  which  the  iris  is  endued.     Taking  the 
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diameter  of  the  pupil  at  its  greatest  magoitude  of  a  quarter  of  an 
inch,  penoila  proceeding  from  an  object  placed  at  the  distance  of  three 
feet  fi-oiji  the  eye  would  have  an  extreme  divergence  amounting  to 
less  than  half  a  degree ;  and  if  the  pupil  be  in  its  most  contracted 
state  when  its  diameter  is  cnly  the  one-eighth  of  aa  inch,  then  the 
divergence  of  the  pendlB  prooeeding  from  such  an  objaet  would 
amount  to  about  fifteen  minutes  of  a  degree.  It  may  therefore  be 
concluded,  that  pencib  prooeeding  from  all  objects  more  distant  from 
the  eye  than  two  or  three  feet,  may  be  regarded  as  consisting  of 
parallel  rays. 

The  pencils  of  rays,  therefore,  proceeding  from  all  such  objects  will 
be  made  to  converge  to  the  principal  foeua  of  the  eye. 

1103.  Position  of  the  optical  centre  of  the  eye.  —  Sir  David  Brew- 
ster concludes  from  observations  made  by  him  that  the  optical  centre 
of  the  eye,  that  is  to  say,  the  point  at  which  the  axes  of  secondary 
pencils  intersect  the  optic  axis,  is  situate  in  the  geometric  centre  of 
the  eye-ball,  and  consequently  must  be  a  littie  within  the  crystalline. 
If,  therefore,  round  this  centre  we  imagine  a  spherical  surfiee  de- 
scribed, whose  radius  is  equal  to  the  focal  distance  of  the  combination 
of  the  humours  of  the  eye,  the  image  of  all  objects  more  distant 
from  the  eye  than  two  or  three  feet  will  be  found  on  such  a  sm-iaee. 
Now,  sinoe  the  retina  is  spread  over  the  surface  of  the  choroid,  and 
since  the  form  of  tie  eye  is  spherical,  and  its  diameter  but  an  inch, 
it  follows  that  the  retina  is  a  spherical  surface,  whose  centre  coincides 
with  the  optical  centre  of  the  eye,  and  which  is  at  a  distance  from 
that  centre  of  about  half  an  inch.  If  the  distance  of  the  retina  from 
this  centre  be  e^ctly  equal  to  the  focal  distance  of  the  humours, 
then  the  foci  of  all  pencils  of  parallel  rays  entering  the  eye  will  m 
formed  upon  it,  and  consequently  it  will  receive  distinct  images  of  all 
objects  whose  distance  from  the  eye  exceeds  two  or  three  feet.  But 
if  the  focal  distanoo  of  the  humours  be  less  or  greater  than  that,  then, 
as  already  stated,  the  image  on  the  retina  will  be  indistinct. 

1104.  Optical  remedies  for  defects  in  the  refracting  powers  ofifie 
eye.  — The  remedy  for  such  a  defect  in  vision  is  supplied  by  the  pro- 
perties of  convergent  and  divergent  lenses,  already  explained. 

If  the  eye  possess  too  littie  convergent  power,  a  convergent  lens  is 
placed  before  it,  which,  receiving  the  parallel  pencils,  renders  them 
convergent  when  they  enter  the  pupil,  and  this  enables  lie  eye  to  bring 
thorn  to  a  focos  on  the  retina,  provided  the  power  of  the  lens  be  equiu 
t<i  the  deficient  convei^nee  of  the  eye. 

If,  on  the  other  hand,  the  convergent  power  of  the  eye  be  too  great, 
so  that  the  parallel  rays  are  brought  to  a  focus  before  arriving  at  the 
retina,  a  divergent  leus  is  placed  before  the  eye,  by  means  of  which 
parallel  pencils  are  rendered  divergent  before  they  enter  the  pupil ; 
and  the  power  of  the  lens  is  so  adapted  to  the  convergent  power  of 
the  eye,  that  the  rays  shall  be  brought  to  a  focus  on  the  retina. 
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The  two  opposite  defeuts  of  vision  here  indicated  are  generally 
called,  the  one  uicak-sighledness  or  far-sightedness,  and  the  other 
near-sigkUdncss. 

If  tlie  objeota  of  vision  be  placed  so  near  the  eye  that  the  rays 
composing  the  pencils  which  proceed  from  them  have  sensible  diver- 
gence, then  the  foci  of  these  rays  within  the  eye  will  be  at  a  distance 
from  the  optical  centre  greater  than  the  principal  focas.  If,  there- 
fore, in  this  ease,  the  principal  focus  fall  upon  the  retina,  the  focus 
of  rays  proceeding  from  such  near  objects  would  fall  beyond  it,  and 
consetjuently  the  image  on  the  refJaa  would  be  indistinct. 

1105.  Power  of  the  eye  to  adapt  itself  to  objects  differently  dis- 
tant. —  It  follows,  therefore,  that  eyes  which  see  distant  objects  at 
the  greater  class  of  distances  would  see  indistinctly  all  objects  at  less 
distances,  unless  there  mere  in  the  eye  some  means  of  self-adjustment, 
by  which  its  convergent  power  may  be  augmented.  Such  means  of 
self-adjustment  are  provided,  which  operate  within  cert^n  limits,  and 
by  which  we  are  enabled  so  to  accommodate  the  eye  to  the  divergence 
of  the  pencils  proceeding  from  near  objects,  that  the  same  eyes  which 
are  capable  of  seeing  distinctly  objects  sensibly  so  distant  as  to  ren- 
der the  rays  of  the  pencils  sensibly  parallel,  are  also  capable  of  seeing 
with  equal  distinctness  objects  at  distances  varying  from  ten  to  twelve 
inches  and  upwards. 

1106,  Experimental  proof  of  this  power.  —  By  what  means  the 
convergent  power  of  the  humours  is  thus  varied  is  not  certainly 
known,  but  that  such  means  of  self-adjustment  esist  may  be  proved 
by  the  following  experiment. 

Let  a  small  black  spot  be  made  upon  a  thin  transpareut  plate  of 
glass,  and  let  it  be  placed  at  a  distance  of  about  twelve  inches  from 
tlio  eye.  If  the  eye  be  directed  to  it,  the  spot  will  be  seen  as  well  as 
distant  objects  ■visible  through  the  glass.  Let  the  apttention  be  ear- 
nestly directed  to  the  black  spot,  so  that  a  distinct  perception  of  its 
form  may  be  produced.  The  objecta  visible  at  a  distance  will  thea 
be  found  te  become  indistinct. 

But  if  the  attention  be  directed  more  to  the  distant  objects,  so  as 
to  obtain  a  distinct  perception  of  them,  the  perception  of  the  bla^k 
spot  on  the  glass  will  then  become  iadistiaet.  It  is  evident,  there- 
fore, that  when  the  eye  accommodates  itself  so  as  to  form  upon  the 
retina  a  distinct  image  of  an  object  at  twelve  inches'  distance,  the 
image  produced  by  objects  at  great  distances  will  become  indistinct; 
and  tliat,  on  the  other  hand,  when  the  eye  so  accommodates  itself  as 
to  render  the  image  produced  on  the  retina  by  distant  objects  distinct, 
the  image  produced  by  an  object  at  twelve  inches  distance  will  become 
indistinct. 

1107.  Hypotheses  vsliich  explain  this  power.  —  It  is  evident, 
therefore,  that  the  power  of  the  eye  to  refract  the  pencils  of  light  in- 
cident upon  it,  is  to  a  certdn  extent  under  the  control  of  the  will : 
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but  by  wliat  means  this  change  in  the  refracting  power  of  the  organ 
is  made  is  not  so  apparent.  'Various  hypotheses  baye  heen  adyaaced 
to  esplaia  it.  According  to  some,  the  form  of  the  eye-hall,  by  a 
muscular  action,  is  changed  in  such  a  manner  as  to  increase  the 
length  of  the  optic  axis,  and  thus  to  remove  the  posterior  surface  of 
the  retina  to  a  greater  distance  from  the  crystalline,  when- it  is  neces- 
sary to  obtain  a  distinct  view  of  near  objects;  and,  on  the  contrary, 
10  elongate  the  transverse  diameter  of  the  eye,  and  shorten  the  oj»ic 
axis  so  aa  to  bring  the  retina  closer  to  the  crystalline,  when  it  is  de- 
sired to  obtain  a  distinct  view  of  distant  objecte. 

According  to  othera,  this  change  of  form  is  only  efiected  in  tlie 
cornea,  which  being  rendered  more  or  less  conves  by  a  muscular  ac- 
tion, ^ves  a  greater  or  less  convergent  power  to  the  aqueous  humour. 
According  to  otbera,  the  eye  accommodates  itself  to  different  dis- 
tances by  the  action  of  the  crystalline,  which  is  mored  by  the  ciliary 
processes  ather  towards  or  from  the  cornea,  thus  traaaferring  the  focus 
of  rays  proceeding  from  it  within  a  certain  limit  of  distance  to  and 
from  the  retina ;  or,  by  a  siiaihtr  action  of  the  ciliary  process,  the 
crystalline  lens  may  be  supposed  to  be  rendered  more  or  less  convex, 
and  thas  to  increase  or  diminish  its  convergent  power. 

None  of  these  hypotheses  have,  however,  found  general  acoepta- 
tioo.  It  is  denied  as  a  matter  of  fact,  that  the  eye-hall  is  elongated, 
or  that  the  curvature  of  the  cornea  is  changed ;  and  it  is  doubted,  to 
say  the  least  of  it,  that  the  crystalline  is  capable  either  of  displace- 
ment or  change  of  conyesJty. 

1108.  Explanation  proposed  hj/  M.  Pomllet.  —  M.  Pouillet  main- 
tains (and  affirms  that  his  opinion  is  founded  on  the  dissecliou  of  a 
great  number  of  crystalline  lenses)  that  this  humour  is  composed  of 
layers  or  strata  one  within  another,  differing  in  curvature  and  dendty, 
so  that  its  section  would  exhibit  a  series  of  concentrical  ellipses  hav- 
ing yaiTing  eccentricities.  It  wonld  follow  from  this,  that  the  inter- 
nal strata  being  more  curved  and  more  dense  than  the  estemal  strata, 
the  rays  which  pass  from  the  latter  will  converge  to  a  more  distant 
point  than  those  which  pass  from  the  former.  The  crystalline,  there- 
fore, according  to  M.  Pouiliet,  has  not  one  but  many  different  foci. 

When  a  pencil  of  rays  falls  upon  it,  those  rays  which  are  near  the 
axis  of  the  pencil,  and  therefore  near  the  centre  of  the  crystalline,  are 
brought  to  a  shorter  focus  than  those  which  are  near  the  borders. 
According  to  the  hypothesis  advanced  by  M.  Fouiilet,  the  eye  sees 
near  objects,  therefore,  by  means  of  the  central  rays,  and  distant  ob- 
jects by  means  of  those  rays  which  fall  near  the  borders  of  the  crys- 
talline. 

The  penoila  which  proceed  from  near  objects  being  more  divergent 

than  those  which  proceed  from  distant  objects,  are  refracted  by  the 

central  part  of  the  crystalline,  so  as  to  be  brought  to  a  focus  on  the 

retina,  while  those  rays  of  the  same  pencil  which  would  fall  upon  the 
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borders  of  the  crjstalline  would  be  brought  to  a  focus  beyond  tte 
retJna. 

When  pencils,  towever,  proceed  from  objects  so  distant  that  the 
rays  composing  tiiem  may  be  regarded  as  parallel,  the  central  rajs  of 
such  pencils  would  be  brought  to  a  focus  before  arriving  at  the  retina, 
whilo  the  rajs  felling  near  the  borders  of  the  orystiSline  would  be 
brought  to  a  focus  upon  the  retina.  Now,  accordaig  to  these  condi- 
tioas,  it  would  follow,  that  a  certain  confusion  of  vision  would  ensue 
in  both  cases;  for  near  objects,  the  image  produced  by  the  central 
rays  would  be  rend  ed  nf  d  by  the  rajs  passing  near  the  borders 
of  the  crystalline,  wl  h  m  t  tl  tina  before  they  are  brought  to  a 
focus;  and  in  the  ca  e  f  d  taut  objects,  the  image  formed  by  the 
rajs  passing  near  th  bo  d  f  the  crystalline  would  be  rendered 
confused  by  those  wh  h  p  nea  the  centre  of  the  crystalline,  and 
which  are  brought  to  a  f    u    b  f      they  arrive  at  the  retina. 

M.  Pouillst  meet  th  dffi  It  s  by  the  following  considerations. 
He  supposes  that  when  the  eye  views  near  objects  the  pupil  contracts 
itself,  so  as  to  intercept  to  a  greater  oi  less  extent  the  external  rays 
of  the  pencils,  and  to  admit  only  to  the  crvstallme  fho^  which  fel! 
immediately  under  its  asis  In  this  wij  the  confusion  which  would 
be  produced  by  the  esternal  rays  oi  the  pencils  is  prevented  Bat 
the  same  expedient  would  not  pievent  the  confusioa  prjduced  in  the 
image  of  distant  objects  by  the  centiil  lajs  of  the  pencils  brought  to 
a  focus  before  arriving  %t  the  retina  This  difhculty  M  Pomllet 
answers,  by  stating  that  the  comparative  number  of  the  centml 
rays  is  so  small  that  their  action  upon  the  letmi  i  incon  lierable 
compared  with  that  of  the  esternal  riys,  and  that  consequently  their 
effect  is  not  sensible 

M,  Pouillet  appeals  to  observatiDn  to  estabhah  the  £iet  that  the 
pupil  always  contracts  when  the  eye  views  near  (>jpcts 

1109.  Limits  of  the  poioer  of  adaptation  to  varying  distance  — 
Whatever  be  the  provisions  made  in  the  organization  of  the  eye,  by 
which  it  is  enabled  to  adapt  jlself  fo  the  reception  of  divergent  pencils 
proceeding  from  near  objects,  the  power  with  which  it  is  Sins  endued 
has  a  oertwn  limit.  Thus,  eyes  which  see  distinctly  distant  objects, 
and  which  therefore  bring  parallel  rays  to  a  focus  on  the  retina  in 
their  ordinary  state,  are  oot  capable  of  seeing  distinctly  objecta  brought 
nearer  to  them  than  ten  or  twelve  inches.  The  power  of  accomrao- 
dalaog  the  vision  ta  different  rays  is  therefore  limited  to  a  divergenee 
not  exceeding  that  which  is  determined  by  the  diameter  of  the  pupil 
compared  with  a  distance  of  ten  or  twelve  inches.  Now,  as  the  di- 
ameter of  the  pupil  is  most  contracted  when  the  organ  is  directed  to 
such  near  objects,  we  may  assume  it  at  its  smallest  magnitude  at  one- 
eighth  of  an  inch,  and  therefore  the  divergence  of  a  pencil  proceeding 
from  a  distance  of  twelve  inches  would  be  ij-th,  and  the  angle  of  di- 
verffeuce  would  therefore  be  very  nearly  half  a  degree. 
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It  may,  therefore,  be  aasiinied  tliat  eyea  adapted  to  the  vidou  of 
distant  objects  ai'e  io  general  incapable  of  seeing  distinctly  objecfs 
from  wtich  pencils  ha¥e  greater  divergence  than  tbis,  or,  which  is  the 
Bame,  objects  applied  at  less  than  ten  or  twelve  inches  from  the  eye. 

1110.  Case  of  eyes  having  feeble  convergent  power.  —  In  the  case 
of  eyea  whose  convergent  power  is  too  feeble  to  bring  pencils  proceed- 
ing from  distant  objects  to  a  focus  on  the  retma,  they  will  be  in  a  still 
greater  degree  inadequat*  to  bring  pencils  to  a  focus  which  diverge 
from  near  objeols;  and  consequently  such  eyes  will  require  to  be 
aided,  for  near  as  well  as  distant  objects,  by  the  interpositiou  of  con- 
yorgeut  lenses.  It  would,  however,  be  necessary  to  provide  lenses  of 
different  convergent  powers  for  distant  and  near  objects,  the  latter  re- 
quiring a  greater  convergent  power  than  the  former;  and  in  general 
the  nearer  the  objects  viewed,  the  greater  the  convergent  power  re- 
quired from  the  lens. 

1111.  Case  of  eyes  having  strong  convergent  potter.  —  In  the 
case  of  eyes  whose  convergent  power  is  so  great  aa  to  bring  pencils 
[iioceeding  from  distant  objects  to  a  focus  short  of  the  retina,  and 
which  theiefore,  for  such  distant  objects,  require  the  intervention  of 
diieigent  lenses,  distinct  vi^on  will  be  attained  without  the  inter- 
pu-ition  of  any  lens,  provided  the  object  be  placed  at  such  a  distance 
that  the  divergence  of  the  pencda  proceeding  from  it  shaU  be  such 
thit  the  convergent  power  of  the  eye  bring  them  to  a  focus  on  the 
letioa. 

Hence  it  is  that  eyes  of  this  sort  are  called  sltort-sighted,  because 
they  can  see  distinctly  such  objeote  only  as  are  placed  at  the  distance 
which  gives  the  pencils  proceeding  from  them  such  a  divergence,  that 
the  ooQvergeat  power  of  the  eye  would  bring  them  to  a  focus  on  the 

1112.  Method  of  ascertaining  the  power  of  the  lens  required  ly 
defective  eyes.  —  If  it  be  desired  to  ascertain  the  focal  length  of  the 
divergent  lens  which  such  an  eye  would  require  to  see  distant  objeeta 
distinctly,  it  is  only  necessary  to  ascertain  at  what  distance  it  is  en- 
abled to  see  distinctly  the  same  class  of  objects  without  the  aid  of  a 
lens.  A  lens  having  a  focal  length  equal  to  this  distance  will  enable 
the  eye  to  soe  distant  objects  distinctly,  becanse  such  a  lens  would 
give  the  parallel  rays  a  divergence  equal  to  the  divergence  of  pencils 
proceeding  from  a  dista,nce  equal  to  its  focal  length. 

1113.  Power  of  adaptation  to  varying  distance  in  short-sighted 
eyes. — Persons  are  said  (o  be  more  or  less  near-sighted,  according 
to  the  distance  at  which  they  are  enabled  to  see  objects  with  per- 
fect distinctness,  and  they  accordingly  require,  to  enable  them  to 
see  distant  objects  distinctly,  diverging  lenses  of  greater  or  less  focal 
length. 

As  persons  who  are  enabled  to  see  distant  objects  distinctly  have 
the  power  of  accommodating  the  eye  so  as  to  see  objects  at  ten  or 


„C«glc 


THE  EYE,  151 

twelve  inohes'  distance,  bo  short-aigfitcd  persons  have  a  similar  power 
of  accoitiraodalaon,  hut  within  proportionally  smaller  limits.  Thus  a 
short-sighted  person  ■viiW  he  enabled  to  see  distinctly  objects  placed 
at  distaaccB  from  the  eye  varjiiig  from  two'br  three  inohes  upwards, 
according  to  the  degi-ee  of  short-sightedness  with  whictt  he  is  affected. 
1114.  Ceaises  ef  short  sigin  and  long  dgU. — The  two  opposite 
defects  of  vision  which  have  been  meutioned,  arising  from  too  great 
or  too  little  convergent  power  in  the  eye,  may  arise,  either  frem  a 
defect  in  the  quality  of  the  hutuours  or  in  tie  form  of  the  eye.  Thus 
near-sightedness  may  arise  from  too  great  convexity  in  the  cornea  or 
in  the  crystalline,  or  it  may  ajiae  from  too  great  a  difference  of  den- 
sity between  the  aqueous  humotir  and  the  crystalline,  or  between  the 
crystalline  humour  and  the  vitreous,  or  both  of  them;  or,  in  fine,  it 
may  arise  from  defects  botli  of  the  form  and  of  the  relative  densities 
of  the  humours. 

1115.  Defective  sight  arising  from,  imperfect  transparency  of  ilie 
humours.  —  In  a  certain  class  of  maladies  incidental  to  tho  sight,  the 
humours  of  the  eye  lose  in  a  greater  or  less  degree  their  transparency, 
and  the  crystalline  humour  is  more  especially  liable  to  this.  In  such 
cases  vision  is  sometimes  recovered  by  meajis  of  the  removal  of  the 
crystalline  humour,  In  which  case  the  vision  is  reduced  to  two 
humours,  the  aqueous  and  the  vitreous;  but  as  the  eye  owes  in  a 
greater  degree  to  the  crystalline  than  to  the  other  humours  the  con- 
vergent power,  it  is  necessary  in  this  case  to  supply  the  place  of  the 
crystalline  by  a  very  strong  convergent  lens  placed  before  the  eye. 

1116.  2°.  Maonitkde  of  the  ima.oe  on  the  retina. 

In  order  to  obtiun  a  perception  of  any  visible  object,  it  is  not  enough 
that  the  image  on  the  retina  be  distinct,  it  must  also  have  a  certam 


jose  that  a  white  circular  disk,  one  foot  diameter,  is 
placed  before  the  eye  at  a  distance  of  57i  feot. 

The  axes  of  the  pencils  of  rays  proceeding  from  such  disk  to  the 
eye  will  be  included  wifhin  a  cone,  whce  base  13  the  di'ik,  and  whose 
vertes  is  in  the  centre  of  the  eye 

These  axes,  after  mteraeetmg  at  the  centre  of  the  (ye,  will  fiini 
another  cone,  whose  base  will  be  the  jmago  of  the  disk  formed  upon 
tlio  retina,  The  common  angle  of  the  two  cones  will  m  this  case 
bol°. 

Let  ATt,Jig.  366,  be  the  diimetei  <f  the  disk  Let  c  be  the 
contre  of  tho  eye,  ami  let  6a  te  th>  ilumeb,i  tf  tho  image  on  the 
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leliiLEi.  It  13  clear,  from  the  perfect  similarity  of  tlie  triacgles  acb 
and  a  C  6,  that  the  diameter  of  the  image  6  a  will  have  to  the  diameter 
of  the  object  b  a  the  same  proportion  as  the  diatance  a  c  of  the  retina 
from  the  centre  C  has  to  the  distJiaoe  AC  of  the  object  from  the  same 
centre.  Therefore  in  this  case,  since  one-half  the  diameter  of  the  eye 
!B  but  lialf  an  inch,  and  the  distance  A  0  is  in  this  case  supposed  to 
be  57  J  feet,  the  magnitude  of  the  diameter  i  a  of  the  imi^e  on  the 
retina  will  be  found  by  the  following  proportion ; — 
a6:AB::  J  :  57i  X  12  =  690. 
Therefore  we  have 

^^X  AB_'  6    _    1 

"  690     ~  690  ~  115 

The  total  magnitude,  therefore,  of  the  diameter  of  the  image  on 

the  retina  would  in  this  case  be  the  tts'1*  P*""'  ^^  ^'^  inch;  yet  such 

is  the  exquisite  sensibility  of  the  organ,  that  the  object  is  in  this  case 

distinctly  visible; 

If  the  disk  were  removed  to  twice  the  distance  here  supposed,  the 
angle  of  the  cone  c  would  be  reduced  to  half  a  degree,  and  the  diame- 
ter of  the  image  on  the  retina  would  be  reduced  to  one-half  its  for- 
mer magnitude,  that  is  to  say,  to  the  ^-Jo^'^  P^^  **^  "^  inch.  If,  on 
the  other  hand,  the  disk  were  moved  towards  the  eye,  and  placed  at 
half  its  original  distance,  then  the  angle  o  of  the  cone  would  be  2°, 
and  the  diameter  of  the  picture  on  the  retina  would  be  double  its  first 
magnitude,  that  is  to  say,  the  yygth  of  an  inch. 

In  general,  it  may  therefore  be  inferred  that  the  magnitude  of  the 
diameter  of  the  picture  on  the  retina  is  increased  or  diminished  in 
exactly  the  same  proportion  as  the  angle  of  the  cone  C,  formed  at  the 
centre  of  the  eye,  is  increased  or  diminished. 

1117.  The  visual  angle  or  apparent  magnitude. — This  angle  is 
called  the  visual  angle  or  apparent  magnitude  of  the  object;  and 
when  it  is  said  that  a  certain  object  subtends  at  the  eye  a  certain 
angle,  it  is  meant  that  lines  drawn  from  the  extremities  of  such  object 
to  the  centre  of  the  eye  form  such  angle. 

The  apparent  magnilitde  of  an  object  must  not  be  confounded  with 
i(a  apparent  superficial  magnitude,  the  term  being  invariably  applied 
to  its  linear  magnitude.  The  apparent  superficial  magnitude  varies 
in  proportion  to  the  square  of  the  apparent  magnitude. 

Thus,  for  example,  when  the  disk  a  b  is  removed  to  double  its 
original  distance  from  the  eye,  the  apparent  magnitude,  or  the  angle 
0,  is  diminished  one-half,  and  consequently  the  diameter  a  J  of  the 
picture  on  the  retina  is  also  diminished  one-half;  and  since  the  diame- 
ter is  diminished  in  the  ratio  of  2  to  1,  the  superficial  magnitude  of 
lie  image,  or  its  area,  will  be  diminished  ia  the  proportion  of  4  to  1. 
1118.  Apparent  magnitude  increases  in  proportion  as  the  distance 
iiminishes,  artd  vice  vers&. — It  Is  clear  from  what  has  been  stated 
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also,  tliat  wlien  tLe  same  object  is  moved  from  or  towards  tlie  eye,  its 
apparent  magnitude  varies  inTersely  as  its  distaoce;  tliat  is,  its  appa- 
rent magnitade  is  inoreased  in  the  same  proportion  as  its  distance  is 
diminished,  and  nice  vend,. 

It  is  easy  to  perceive  that  the  ohjecta  which  are  seen  under  the 
same  visual  angle  will  have  the  same  apparent  magnitude.  TIius  let 
a'  B.',^g.  366.,  he  an  ohjeot  more  distant  than  A  b,  and  of  such  a 
magnitude  that  its  highest  point  a'  shall  be  in  the  continuation  of  the 
line  c  A,  and  its  lowest  point  b'  in  the  continuation  of  the  line  C  B. 
The  apparent  magnitude  of  a'  b'  will  then  be  measured  by  the  angle 
at  c.  This  angle  will  therefore  at  the  same  time  represent  the  appa- 
rent magnitude  of  the  ohjeot  A  b  and  of  the  object  a'  b'.  It  is  evi- 
dent that  an  eye  placed  at  c  will  see  every  point  of  the  object  ab 
upon  the  corresponding  points  of  the  object  a'b';  so  that  if  the 
object  A  B  were  opaque,  and  of  a  form  similar  to  the  object  A'  b', 
every  point  of  the  one  would  be  seen  upon  a  corresponding  point  of 
the  other.  In  like  manner,  if  an  object  a"  b"  were  placed  nearer 
the  eye  than  A  B,  so  that  its  highest  point  may  lie  upon  the  line  c  A, 
and  its  lowest  point  upon  the  line  o  b,  the  object,  being  similar  in 
form  to  A  B,  would  appear  to  be  of  the  same  magnitude.  Now  it  ia 
CTident  that  the  real  magnitudes  of  the  three  objects  a"  b",  a  b,  and 
a'  b',  are  in  proportion  of  their  respective  distances  from  the  eye; 
a'  b'  is  just  so  much  greater  than  a  b,  and  A  b  than  a"  b",  as  o  b'  'is 
greater  than  c  B,  and  as  c  B  greater  than  c  b". 

Thus  it  appears  that  if  several  objects  be  placed  before  the  eye  in 
the  same  direction  at  different  distances,  and  that  the  real  linear  mag- 
nitude of  these  objects  aie  in  the  proportion  of  their  distances,  they 
will  have  the  same  apparent  magnitude. 

1119.  Case  of  the  san  and  moon  iUuslrates  this.  —  A  striking  ex- 
ample of  this  principle  is  presented  by  the  case  of  the  sun  and  moon. 
These  objects  appear  in  the  heavens  equal  in  size,  the  full  moon  being 
equal  in  apparent  magnitude  to'the  sun.  Now  it  is  proved  by  astro- 
nomical observation  that  the  real  diametBr  of  the  sun  is,  in  round 
numbers,  four  hundred  times  that  of  the  moon ;  but  it  is  also  proved 
that  the  distance  of  the  sun  irom  the  earth  is  also,  in  round  numbers, 
four  hundred  times  greater  than  that  of  the  moon.  The  distance, 
therefore,  of  these  two  objects  being  in  the  same  proportion  as  their 
real  diameter,  their  visual  or  apparent  magnitudes  are  equal. 

1120.  Apparent  magnitude  corresponds  toith  the  real  magmtude 
of  the  picture  on  ike  retina.  —  It  is  evident  from  what  has  been  ex- 
plained, that  objects  which  have  equal  apparent  magnitudes,  and  are 
therefore  seen  under  equal  vbual  angles,  will  have  pictures  of  etjual 
magnitude  on  the  retina,  a  fact  which  proves  that  the  visual  angle  ia 
the  measure  of  the  apparent  magnitude. 

1121.  The  appareid  mognilvde  of  an  object  diminisJted  by  remov- 
ing it  from  the  eye.  — If  the  same  object  be  moved  successively  to 
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increasing  distances,  its  apparent  magnitude  will  be  diniinisbed  in  tlie 
same  proportion,  exactly  as  ita  distance  from  the  eye  is  increased. 
Thus,  if  ii  W-,fig-  367.,  be  such  an  object,  its  distance  e  m  being  ex- 


y  D,  and  ifs  height  L  M  by  ii,  the  visual  angle  L  E  M,  wbioh 
its  apparent  magnitude,  will  be  esprcssed,  according  to  what 

what  has  been  formerly  esplained,  by  — .    If  the  object  be  now  removed 

to  double  its  former  distance,  sucb  as  E  m',  the  visual  angle  or  apparent 

magnitude  l'  e  m'  will  be  expressed  by  ^ — ,  which  Is  just  one-half  ~~,  the 

former  visual  angle ;  and,  in  like  manner,  if  lie  object  be  removed  to 
three  times  its  first  distance,  sucb  as  E  m",  its  visual  angle  or  apparent 

maguitnde  will  be  = — ,  which  is  one-third  of  its  original  apparent 

magnitude. 

1122.  Apparent  superficial  magnitude.  —  The  apparent  superficial 
magnitude  of  a  body  is  defermiQed  by  a  section  of  tie  body  made  by 
a  plane  at  right  angles  to  the  lines  containing  the  visual  angle. 
Thus,  tie  apparent  superficial  magnitude  of  the  sun  or  moon  is  de- 
termined by  a  section  of  those  bodies  passing  through  the  points  where 
lines  drawn  from  the  eye  touching  them  would  meet  them,  which,  in 
consequence  of  tie  great  distance  of  these  bodies,  would  be  a  circular 
section  through  their  centres,  and  at  right  angles  to  a  line  drawn  from 
the  centre  to  the  eye. 

1123.  Section  of  vision.  —  This  circle,  in  tie  case  of  the  sun  or 
moon  or  other  celestial  object,  is  called  the  circle  of  vision;  and  a 
corresponding  section  of  any  other  object  drawn  at  right  angles  to  the 
sides  of  the  visual  angle  would  be  called  the  section  of  vision. 

For  all  distant  objects,  this  section  ia  a  plane  at  right  angles  to  the 
direction  in  which  the  object  is  seen. 

1124.  T7t6  smallest  magnitudes  which  can  be  distinctly  seen.  — 
If  the  circular  disk  a  s,fg.  366,,  which  we  have  supposed  to  be  pre- 
sented before  the  eye  at  a  distance  of  fifty-sevan  and  a  half  times  its 
own  diameter,  and  which  therefore  subtends  at  the  centre  of  the  eye 
a  visual  angle  of  1°,  be  removed  to  a  distance  sixty  times  greater,  or 
to  a  distance  equal  to  3,450  times  its  own  diameter,  it  will  subtend 
an  angle  at  o  proportionally  loss,  which  will  therefore  be,  in  this  case, 
an  angle  of  one-  minute :  and  if  it  be  removed  to  double  the  latter  dis- 
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taucB,  or  6,900  times  its  own  diameter,  it  will  subtend  a  visual  angle 
of  thirty  Eeoonds.  Now  it  is  found  that  if  snch  an  ohjcct  be  directly 
illuminated  by  the  sun,  it  will  be  barely  visible.  This  limit,  however, 
depends  as  wel!  on  the  colour  of  the  object  aa  on  the  degree  of  ila 
illumination.  Plateau  affirms  that  awhite  disk,  such  as  we  have  here 
supposed  to  be  presented  to  the  eye,  if  the  light  of  the  sun  shone  fully 
upon  it,  will  be  visible  when  seen  under  a  visual  angle  of  twelve  se- 
conds, or  the  one-fifth  part  of  a  minute.  The  disk  would  subtend  this 
angle  at  the  eye  if  plaeed  at  a  distance  equal  to  17,250  times  its  di- 
ameter. 

He  says  also  tJiat  if  the  disk,  under  tie  same  cironmstances,  were 
red,  it  would  be  distinctly  seen  until  its  apparent  magnitude  were 
reduced  to  twenty-three  seconds ;  and  that  if  it  were  blue,  the  limit 
would  be  twenty-sis  seconds ;  but  that,  if  instead  of  being  illuminated 
by  the  direct  solar  light,  it  were  illuminated  by  the  light  of  day  re- 
flected from  fie  clouds,  these  limiting  angles  would  be  half  as  large 
agiun. 

1125.  Distinclness  of  vision  compared  with  the  magnitude  of  the 
pictures  on  the  retina. — Nothing  can  be  more  calculated  to  escite 
our  wonder  aud  admiration  than  the  distinctness  of  coir  perception  of 
visible  objects,  compared  with  the  magnitude  of  the  picture  on  the 
retina,  from  which  immediately  we  receive  such  perception. 

1126.  Example  of  ike  picture  of  the  full  moon  on  the  retina. — If 
wo  look  at  the  full  moon  on  a  clear  night,  we  perceive  with  consider- 
able distinctness  by  the  naked  eye  the  lineaments  of  ligbt  and  shade 
which  characterize  its  disk. 

Now  let  us  consider  only  for  a  moment  what  are  the  dimensions  of 
tie  picture  of  the  moon  formed  on  the  retina,  from  which  alone  we 
derive  this  distinct  perception. 

The  disk  of  the  moon  subtends  a  visual  angle  of  half  a  degree, 
and  consequently,  according  to  what  has  been  explained,  the  diameter 
of  its  picture  on  the  retina  will  be  j^jjth  part  of  an  inch,  and  the 
entire  superficial  magnitude  of  the  image  from  which  we  derive  this 
distinct  perception  is  less  than  the  jjs-jntb  part  of  a  square  inch; 
yet  witHn  this  minute  space,  we  ^re  able  to  distinguish  a  multiplicity 
of  still  more  minute  details.  We  perceive,  for  example,  forms  of 
light  and  shade,  whose  linear  dimensions  do  not  exceed  one-tenth  part 
of  the  apparent  diameter  of  the  moon,  and  which  therefore  occupy 
upon  the  retina  a  space  whose  diameter  does  not  esceed  the  josoooTith 
part  of  a  square  inch. 

1127-  Example  of  the  human  figure. — To  lake  another  example, 
the  figure  of  a  man  70  inches  high,  seen  at  a  distance  of  40  feet, 
produces  an  image  upon  the  retina  the  height  of  which  is  about  one- 
fourteenth  part  of  an  inch.  The  face  of  such  an  image  is  included 
in  a  circle  whose  diameter  is  about  one-twelfth  of  the  height,  and 
e  occupies  on  the  i-etina  a  circle  whose  diameter  is  about  tho 
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■j  I jth  part  of  an  inoh ;  nevertieless,  withia  this  circle,  the  eyes,  nose, 
and  lineaments  are  distinctly  seen.  TUe  diameter  of  tba  eye  is  about 
one-twelfth  of  that  of  the  face,  and  therefore,  though  distinctly  seen, 
docs  not  occupy  upon  the  retina  a  space  exceeding  the  nrrriutrirtli  of 
a  square  inch. 

If  the  retina  be  the  canvas  on  which  this  exquisite  miniature  ia 
delineated,  how  infinitely  delicate  must  be  its  structure,  to  receive  and 
transmit  detiuls  BO  mioute  with  such  marveUous  precision;  and  if, 
according  to  the  opinion  of  some,  the  perception  of  these  details  he 
obtMued  by  the  retiua  feeUng  the  image  formed  upon  the  choroid, 
how  esquisitely  sensitive  must  be  its  touch  ! 

1128.  3".   SUITICIEKCY  0¥  ILLUMINATION. 

It  ia  not  enough  for  distinct  vision  that  a  well-defined  picture  of 
the  object  shall  be  formed  on  the  retina.  This  picture  must  be  suffi- 
ciently illuminated  to  affect  the  senses,  and  at  the  same  time  not  be 
so  intensely  illuminated  as  to  overpower  the  organ. 

Thua  it  ia  poaaihle  to  conoeivo  a  picture  on  tlie  retina  so  esti-emely 
iajat  as  to  be  insufficient  to  produce  sensation,  or,  on  the  other  hand, 
so  intensely  brilliant  as  to  dazzle  the  eye,  to  destroy  the  diatinctnesa 
of  sense,  and  to  produce  pain. 

When  we  direct  the  eye  to  the  sun,  near  the  meridian,  in  an 
unclouded  shy,  we  have  no  distinct  perception  of  his  disk,  because 
the  splendour  ia'  so  great  as  to  overpower  the  sense  of  vbion,  just  aa 
sounds  are  sometimes  so  iafense  as  to  be  deafening, 

That  it  is  the  intense  splendour  alone  which  prevents  a  distinct 
perception  of  the  solar  dbk  in  this  case  is  rendered  manifest  by  the 
fact  that  if  a  ptfrtion  of  the  solar  rays  be  intercepted  by  a  coloured 
glass,  or  by  a  thin  cloud,  a  dbtinct  image  of  the  sun  will  be  seen. 

When  wo  direct  the  eye  to  the  firmament  on  a  clear  night,  there 
are  innumerable  stars  which  transmit  light  to  the  eye,  and  which 
therefore  must  produce  some  image  on  the  retina,  but  of  which  we 
are  altogether  insensible,  owing  to  the  faintness  of  the  Olumination. 
That  the  light,  however,  does  enter  the  eye  and  arrive  at  the  retina 
is  proved  by  the  fact  that  if  a  telescope  be  directed  to  the  stars  ia 
question,  so  as  to  collect  a  greater  quantity  of  their  light  upon  the 
retiua,  they  will  become  visible. 

1129.  T/ie  eye  has  fotoer  of  accommodation  to  different  degrees 
of  illumination. — ^The  eye  possesses  a  certain  limited  power  of  accom- 
modating itself  to  various  degrees  of  illumination.  Circumstances 
which  are  familiar  to  every  one  render  the  exercise  of  this  powei' 
evident. 

If  a  person,  after  remaining  a  certain  time  in  a  dark  room,  pass 
suddenly  into  another  room  strongly  illuminated,  the  eye  suffers 
instantly  a  degree  of  inconvenience,  and  even  pain,  which  causes  the 
eyelids  to  close;  and  it  is  not  until  after  the  lapse  of  a  certain  timo 
that  they  can  be  opened  without  inconvenience. 
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The  oanaa  of  tbis  is  easily  esplained.  While  tlie  observer  remains 
in  tbo  darkeiled  or  leas  illuminated  room,  the  pupil  is  dilated  bo  aa 
to  admit  ioto  the  eye  aa  great  a  quantity  of  light  as  the  structure  of 
the  organ  allows  of.  When  he  passes  suddenly  into  the  strongly  illu- 
niinatod  room,  the  flood  of  light  arriving  through  tha  widely  dilated 
papil  acta  witii  such  violence  on  the  retina  as  to  produce  pain,  (vhieh 
iiGcessorily  calls  for  the  relief  and  protection  of  the  organ.  The  iris, 
then,  by  an  action  peculiar  to  it,  contracts  the  dimensions  of  the  pupil 
so  as  to  admit  proportionally  less  light,  and  the  eye  is  opened  with 
impunity. 

Effects  the  reverse  of  these  are  observed  when  a  person  pa'saes  from 
a  strongly  illuminated  room  into  one  cnmpirali  cly  dark  or  into  the 
open  air  at  night.  For  a  certain  time  he  sees  nothing  beca  se  the 
oontraciion  of  tha  pupil,  which  was  alapted  fo  the  strong  light  to 
■which  it  had  previouaiy  been  exposed  admits  so  little  light  to  the 
retina  that  no  sensation  is  produced.  The  pupil  however  after  iwhile 
dilates,  and,  admitting  more  light,  objects  are  perceived  which  were 


1130.  Relative  brilliancy  of  equidiitant  lumirKo  les  — Brightness 
of  the  picture  on  the  retina.  —  If  two  point?  irom  which  light  ladiatea 
be  placed  at  the  same  distance  from  the  eye  the  biightnefs  of  their 
image  on  the  retina  will  be  in  proportion  to  their  absolute  brillnncy. 
But  if  either  point  be  removed  to  a  f,reater  distance  the  number  of 
rays  passing  from  it  which  enter  the  pupil  will  be  diminished  in  the 
same  proportion  as  the  square  of  its  distance  is  increased  and  vice 
versd.  It  consequently  follows  that  the  bnghtnesi  of  each  point  of 
the  image  to  an  object  formed  upon  the  retint  will  be  in  duect  pro- 
portion to  the  absolute  bnlliancy  of  such  point  and  in  the  inverse 
proportion  of  the  square  of  its  distance  fiom  thn  eye 

Thus,  if  I  express  the  intensity  of  the  light  if  the  po  nt  upon  tho 
object,  and  D  its  distance  from  the  eye  then  the  Irightness  of  the 

image  of  such  point  upon  the  retina  will  be  espie&'ied  ly  — ^ 

It  is  therefore  clear  that  the  brightness  of  the  image  of  each  point 
of  an  object  will  be  diminished  as  the  square  of  the  dfetance  of  the 
object  from  the  eye  is  increased. 

1131.  .apparent  brightness  the  same  at  all  distances.  —  It  is  aome- 
tlmes  inferred  from  this,  though  erroneously,  that  the  apparent  splen- 

«  "THua,  wlian  the  lamp  that  lighted 
The  traveller  at  first,  goes  out, 
He  faels  awhile  benightetl, 
And  wanders  on  in  fear  and  douht; 
But  Boon  the  prospect  elea.rirg. 
In  cloudlSBS  Btarlight  on  he  trends. 
And  finds  no  lamp  so  cheering 
As  Uiat  light  which  Heaven  sheds," — Moohe. 
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dour  of  tte  image  of  a  viaible  object  decreases  as  tte  square  of  the 
distance  increases.  This  would  be  the  case  ia  the  strictest  sense,  if, 
while  the  object  were  withdrawn  from  the  eye  to  an  inoreaaed  dis- 
tance, its  image  on  the  retina  continued  to  have  the  same  magnitude; 
for,  in  this  case,  the  absolute  brightness  of  each  point  composing  such 
image  would  diminish  as  the  square  of  the  distance  increases,  and 
the  area  of  the  retina  over  which  such  points  are  diffused  would  re- 
main the  same;  but  it  most  be  considered,  that  as  the  object  retires 
from  the  eye  the  superficial  magnitude  of  the  image  on  the  reljiia  is 
dirainished  in  the  same  proportion  as  the  square  of  flie  distance  of  the 
object  from  the  eye  is  increased.  It  therefore  follows  that  while  the 
points  composing  the  image  on  the  retina  are  diminished  iu  the  in- 
tensity of  their  illumination,  they  are  collected  into  a  smaller  space, 
BO  that  what  each  point  of  the  image  on  the  retina  loses  in  splendour, 
the  entire  image  gtuns  by  concentration. 

1132.  If  the  distance  of  the  sun  ■were  increased  or  diminished,  its 
apparent  magnitude  would  be  changed,  but  its  apparent  brightness 
mould  remain  the  same. — If  the  sun  were  brought  as  close  to  the 
earth  m  the  moon,  its  apparent  diameter  would  be  400  times  greater, 
and  the  area  of  its  apparent  disk  160,000  timea  greater  than  at 
present,  but  the  apparent  brightness  of  its  surface  would  not  be  in 
any  degree  increased.  In  the  same  manner,  if  the  sun  wei'e  removed 
to  ten  times  its  present  distance,  it  would  appear  under  a  visual  angle 
ten  times  less  than  at  present,  as  in  fact  it  would  to  an  observer  on 
the  planet  Saturn,  and  its  visible  area  would  be  a  hundred  times  less 
than  it  is,  but  the  splendour  of  its  diminished  area  would  be  esaotly 
the  same  as  the  present  splendour  of  the  sun's  disk. 

These  consequences,  wfuch  are  of  considerable  physical  importance, 
obviously  follow  from  the  principles  espl^ned  above. 

The  sun  seen  from  the  planet  Saturn  has  an  apparent  diameter  ten 
times  less  than  it  baa  when  seen  from  the  eaiih. 

The  appearance  from  Saturn  will  then  be  the  same  as  would  be 
the  appearance  of  a  portion  of  the  disk  of  the  sun  seen  from  the 
earth  through  a  circular  aperture  in  an  opaque  plate,  which  would  ex- 
hibit a  portion  of  the  disk  whose  diameter  is  one-tenth  of  the  whole. 

1133.  ^n  object  may  be  visibk  even  though  it  have  no  sensible 
visual  magnitude.  —  The  fixed  stars  examples  of  this.  —  When  the 
light  which  radiates  from  a  Inmiuous  object  has  a  oettMn  intensity,  it 
will  continue  to  affect  the  retina  in  a  scEsible  manner,  even  when  the 
object  is  removed  to  such  a  distance  that  the  visual  angle  shall  ceaso 
to  have  any  perceivable  magnitude.  The  fixed  stars  present  innume- 
rable examples  of  this  effect.  None  of  these  objects,  even  the  most 
brilhant  of  them,  subtend  any  sensible  angle  ta  the  eye.  When  viewed 
through  the  most  perfect  telescopes  tbey  appear  merely  as  brilliant 
points.  In  this  case, 'therefore,  the  eye  is  affected  by  the  light  alone, 
and  not  by  the  magnitude  of  the  object  seen. 
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1134.  Bff  increase  of  distance,  Jiowever,  such  objects  may  cease 
to  affect  the  retina  sensiUy.  —  Nevertheless,  tie  distance  of  such  an 
object  may  be  increased  to  such  an  estent  that  the  light,  intense  as  it 
is,  will  cease  to  produce  a  sensible  effect  upon  the  retina. 

It  will  be  explained  in  the  second  Tolutue  of  this  series,  that  seven 
classes  of  tlie  fixed  stars,  diminishing  gradually  in  brightness,*  pro- 
duce an  efiecb  ou  the  retina  such  as  to  render  them  visible  to  a 
naked  eye.  This  diminution  of  splendour  is  produced  by  their  in- 
creased distance.  The  telescope,  however,  as  has  been  already  stated, 
brings  into  view  innumerable  other  stars,  whose  intrinsic  splendour  is 
as  great  as  the  brightest  among  those  which  we  see,  but  which  do  not 
transmit  to  the  retina,  without  the  aid  of  the  telescope,  enough  of 
light  to  produce  any  sensible  effect.  Nevertheless  it  is  demonstrable 
that,  even  without  the  telescope,  they  do  transmit  a  certain  definite 
quantity  of  light  to  the  retina ;  the  quantity  of  light  which  they  thus 
transmit,  and  which  is  insufficient  to  produce  a  sensible  effect,  having 
to  ta  ope  a  ratio  depending  upon  the 

pr  m  g  eot-glass  of  the  telescope  to  the 

T  f                    n  necessary  to'  prodiice  sensa- 
iio  p    ndour  of  other  objects  present 
he/                   — T  an         ensity  of  the  light  transmitted 
bj  which  is  sufficient  to  produce  a 
pe  Is    upon  the  light  received  at  the 
sam      m  m             objects  present  before  the  eye. 
T  m      bjeota  which  are  visible  at  one 
tim  gh  equally  before  the  eye,  and 
tr      m  ua                   g     of  the  same  intecdty  to  the  re- 
tin       T  es             the  heavens  by  day  as  well  as 
by     g  m                           ntity  of  light  to  the  retina,  yet 
th  the  sun,  because  the  light  pro- 
g      m  m           dir         and  indirectly  reflected  and  re- 
frai,  m    im             ther  objects,  is  so  much  greater 
in  to           ower  the  inferior  and  much  less 
te  T               is  altogether  analogous  to  that 
f                whi  mpression  of  loud  and  intense 
oa  uife  of  less  intensity,  which  ne- 
ff  me  manner  as  thej  do  when,  in 
tl        se  distinctly  heai-d. 

E  the  intensity  of  the  perception 

term  erceptions  produced  at  the  same 

b           T  m                            t  i.s  incomparably  more  splendid 

th               m    m  n  the  twilight,  although  in  each 


160 


LIGHT. 


case  the  moon  kansmita  precisely  the  same  quantity  of  light,  of  pre- 
cisely the  same  intensity,  to  the  eye;  hut  in  the  one  case  the  eye  ia 
overpowered  hy  tlje  superior  splendour  of  the  light  of  day,  which  dims 
the  comparatively  lesa  intense  light  proceeding  from  the  moon. 

1136.  4°,  The  imaoe  must  cohtinue  a  sufficient  time  upon 
the  uetina  to  enable  that  membbane  to  produce  a  peeoep- 
tion  of  it. 

It  will  be  proved  hereafter  that  the  Yelocity  with  which  light  is 
propagated  through  space  is  at  the  rate  of  ahout  200,000  miles  per 
second.  Its  tnmsmissJOD,  therefore,  from  all  objects  at  ordinary  dis- 
tances to  the  eye  may  be  considered  as  instantaneous.  The  moment, 
therefore,  any  ohjeot  ia  placed  before  the  eye  an  image  of  it  is  formed 
on  tho  retina,  and  this  image  continues  there  until  the  object  is  re- 
moved. Now  it  ia  easy  to  show  espei  mentally  th  t  an  object  may 
be  placed  before  the  eye  for  a  certain  defin  te  interval  of  time,  and 
-  that  a  picture  maybe  painted  upon  the  letna  d  r  ng  that  interval 
without  producing  any  perception  or  any  consc  n  f  th  p  n  e 
of  the  object. 

To  illustrate  this,  let  a  tacular  dist  a  b  (  d  H  368  h  t  0 
jiches  n  d  m  t  h  f  m  d 
in  card  or  t  n  and  1  t  a  le 
4.'  b'  tf  d'  b  d  b  d  up  n  t 
about  2  i  h  1  n  ndus 
than  the  disk,  so  aa  to  leave  be- 
tween the  circle  and  the  disk  a 
zone  about  two  inches  wide. 
Let  the  entire  zone  be  black- 
ened, except  the  space  A  M  m'  a', 
forming  about  the  one-twentieth 
of  it.  Let  the  disk  thus  pre- 
pared be  attached  to  the  back 
sto 


of  a  blackened  b 
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capable  of  revolving  behind 
It,  and  let  a  hole  one  inch  ia 
diameter  be  made  in  the  screen 
at  any  point,  behind  which  the 
zone  A  B  0  D  ia  placed.  If  the 
disk  be  now  made  to  revolve  behind  the  screen,  the  hole  will  appear 
aa  a  circular  white  spot  so  long  as  the  white  space  a  m  paaaea  tebind 
it,  and  will  disappear,  leaving  the  same  black  colour  aa  the  screen 
during  the  reminder  of  the  revolution  of  the  diak.  The  hole  will 
therefore  be  seen  as  a  white  circular  spot  upon  the  black  screen  during 
one-twentieth  of  each  revolution  of  the  disk.  If  the  disk  be  now 
put  in  motion  at  a  slow  rate,  the  white  hole  will  be  seen  on  the  screen 
during  one-twentieth  of  each  revolation.  If  the  velocity  of  rotation 
imparted  to  the  disk  be  gradually  increased,  the  white  spot  will  ulti- 
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mately  disappear,  and  the  screen  appear  of  a  rmiform  blaot  colour, 
althougb  it  be  certain  ttat  during  the  twentieth  part  of  each  revolu- 
tion, whatever  he  'lie  rate  of  rotation,  a  picture  of  the  white  spot  ia 
formed  on  the  retina. 

1137.  To  determine  experimentally  the  time  a  picture  must  con^ 
tinue  on  the  retina  to  produce  seTisalioa-  —  The  length  of  time  iiecea- 
sary  in  this  case  for  the  action  of  light  upon  the  retina  to  produce 
eenaalion  may  he  determined  by  ascertaining  the  most  rapid  motion 
of  the  disk  which  is  capable  of  producing  a  distinct  perception  of  the 
white  spot.  This  interval  wilt  be  found  to  vary  with  the  degree  of 
illumination.  If  the  spot  be  strongly  illuminated,  a  l^s  interval  will 
be  sufficient  to  produce  a  perception  of  it ;  if  it  be  more  feebly  illu- 
minated, a  longer  interval  will  be  required.  The  experiment  may  be 
made  by  varying  the  oolonr  of  the  space  a  m  of  the  zone,  and  it  will 
be  found  that  the  interval  necessary  to  produce  sensation  will  vary 
with  the  colour  as  well  as  with  the  degree  of  illuminatiou. 

1138.  The  perception  of  a  visible  object  is  continued  for  a  cer- 
tain time  after  ih&  object  is  removed  from  before  the  eye.  —  Nume- 
rous observations  on  the  most  familitu:  effects  of  vision,  and  various 
experiments  expressly  contrived  for  tie  purpose,  show  that  the  retina, 
when  once  impressed  with  the  picture  of  an  object  placed  before  the 
eye,  retains  this  impression,  sometimes  with  its  full  intensity  and 
sometimes  more  faintly,  just  as  the  ear  retains  for  a  time  the  sensa- 
tion of  a  sound  after  the  cause  which  has  put  the  tympanum  ia  vibra- 
tion has  censed  to  act  The  duration  of  this  impieision  on  the  retina, 
after  the  removal  of  the  visible  obieot  which  pioduoed  it,  vartes  ac- 
cording to  the  degree  of  illumination  and  the  colour  of  the  object 
The  more  intense  the  illumination,  and  the  buj,hter  the  colour,  the 
longer  will  be  the  inteival  during  which  the  letma  wdl  letam  then 
effects 

1139.  Experimental  illustral ion  of  Ihts.  —  To  illustrate  this  ex- 
perimentally, let  a  circular  disk  formed  of  blackened  card  or  tin,  of 

meter,  be  pierced  with  8  holes  round  its  cir- 
cumference, at  equal  distances,  each  hole 
being  about  half  an  inch  in  diameter,  as 
represented  iu  fg.  869. 

Let  this  disk  be  attached  upon  a  pivot 
or  pin  at  its  centre  o  to  a  boai-d  A  B  c  D, 
which  is  blackened  everywhere,  except  upon 
a  circular  spot  at  V,  corresponding  in  mag- 
nitude to  the  holes  made  in  the  circular 

Let  this   spot  be  first  supposed  to  be 

white.     Let  the  cbcular  disk  be  made  to 

revolve  upon  the  point  o,  so  as  to  bring  the 

ily  before  the  white  spot  at  V.     The  retina 
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■will  thus  be  impressed  at  iiitervala  with  the  image  of  this  ciroular 

white  ^pot.     In  the  intecvala  between  the  trauMta  of  the  holes  over 

it,  the  entire  board  will  appear  black,  and  the  retina  will  receive  no 

impresaioD,     If  the  disk  be  made  to  revolve  with  a  very  slow  motion, 

the  eje  wil!  see  the  white  spot  at  intervals,  but  if  the  velocity  of  ro- 

t  tion  be  gridually  increa-ed  it  will  be  found  that  the  eye  will  per- 

h    wl        p     p  !    represented  at  v,  as  if  the  disk  had 

1         pi      Iwh  ftshis  opposite  to  it  without  moving.     It 

1  n      h     f         h       n  his  case  the  impression  produced  upon 

h  wh  J  h  1  jpositc  the  white  spot,  remwns  until 

h  d    g  h  I    CO  pp  site  te  it,  and  thus  a  continued  per- 

h    wh  te   p         produced. 

I     hwhtep     b     II  m     tedin  varioua  degrees,  or  if  it  be  dif- 

f        ly  col       d    h       I      y       the  disk  necessary  to  produce  a  oon- 

p  re  p  f      w  11  1  ffer.     The  brighter  the  colour  and  the 

g      h     II  mm  1     1    s  will  be  the  velocity  of  rotation  of 

the  disk  which  is  necessary  to  produce  a  conlaniious  perception  of  the 

These  effects  show  that  the  stronger  the  illumination  and  the  brighter 
the  colour,  the  longer  is  the  interval  during  which  the  impreasiou  is 
retained  by  the  retina. 

1140.  Wky  we  are  not  sensible  of  darkness  when  we  wink.  — 
This  continuance  of  the  impression  of  estemal  objects  on  the  retina, 
after  the  light  from  the  objeets  ceases  to  act,  is  also  manifested  by  the 
fact,  that  tlie  continual  winking  of  the  eyes  for  the  purpose  of  lubri- 
cating the  eje-baU  by  the  eye-Bd  does  not  intercept  our  vi^on.  If 
we  look  at  any  external  objects,  they  never  oease  for  a  moment  to  be 
visible  to  us,  notwithstanding  the  frequent  intennissions  which  taie 
place  in  the  action  of  light  upon  the  retina,  in  consequence  of  its  being 
thus  intercepted  by  the  eye-lid. 

1141.  Experimental  illustralxon  suggested  by  Sir  D.  Brewster. 
—  According  to  Sir  David  Brewster,  ^e  moat  instructive  experiment 
on  this  subject,  which,  however,  requires  a  great  deal  of  practice  to 
be  made  with  success,  is  to  look  for  a  short  time  at  a  window  at  the 
end  of  a  long  room,  and  then  suddenly  to  turn  the  eye  to  a  dark  wall 
In  general,  a  common  observer  will  in  this  case  see  a  lepresentation 
of  the  window  on  the  wall,  in  which,  however,  the  dark  bars  of  the 
sash  will  appear  white  and  the  panes  of  glass  dark 

A  practised  observer,  however,  who  make^  the  ob'seiv'ition  with 
great  promptness,  will  see  at  the  moment  hH  eyes  are  turned  te  tlio 
wall  a  correct  representation  of  the  window  This  lepresentation  will 
almost  immediately  be  succeeded  by  the  reversed  picture  just  men 
tioned,  in  which  the  bars  are  bright  and  the  panes  daik 

1142.  Wky  a  lighted  stick  revolving  produces  appai  enfly  a  lumi- 
nous ring.  —  If  a  lighted  stick  be  turned  round  in  a  circle  in  a  dark 
room,  the  appearance  to  the  eye  will  be  a  continuous  eiiole  of  hghtj 
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for  in  thia  oaso  tte  impression  produced  upon  the  retina  by  tte  ligtt, 
■mlien  the  stick  is  at  any  point  of  the  circle,  is  retained  until  the  stick 
returns  to  that  point. 

1143.  Flask  of  lightning.  —  In  tlie  same  manner,  a  flash  of  lighf- 
Ding  appears  to  the  eye  as  a  continuous  line  of  light,  hecause  the 
light  emitted  at  any  point  of  the  line  remains  upon  tbe  retina  nntil 
the  cause  of  the  light  passes  over  the  succeeding  points. 

In  the  same  manner,  any  objects  moying  before  tie  eye  with  such 
a  velocity  that  the  retina  shaJQ  retain  the  impression  produced  at  one 
point  in  the  line  of  its  motion  untO  it  passes  through  the  other  pointa, 
will  appear  as  a  continuous  line  of  light  or  colour. 

1144.  Why  an  olyect  moving  loith  a  great  speed  becomea  invisihle. 
—  But  to  produce  this  effect,  it  ia  not  enough  that  the  body  change 
its  position  so  rapidly  that  the  impression  produced  at  one  point  of 
its  path  continue  until  its  arrival  at  another  point ;  it  b  necessary, 
also,  that  its  motion  should  not  be  ao  rapid  as  to  make  it  pass  from 
any  of  the  positions  which  it  successively  assumes  before  it  has  time 
to  impress  the  eye  with  a  perception  of  it;  for  it  must  be  remem- 
bered, as  has  been  already  esplaiaed,  that  the  perception  of  a  visible 
object  presented  to  the  eye,  though  rapid,  is  not  instantaneous. 

The  object  must  remain  present  before  the  organ  of  vision  a  cer- 
tain definite  time,  and  its  p(sition  must  continne  upon  the  retina 
during  such  time,  before  any  perception  of  it  is  obtained.  Now,  if 
the  body  move  from  its  position  before  the  lapse  of  this  time,  it  neces- 
sarily follows  that  no  perception  of  its  presence,  therefore,  will  be 
obtained.  If,  then,  we  suppose  a  body  moving  so  rapidly  before  the 
eye  that  it  remains  in  no  position  long  enough  to  produce  a  peroepfion 
of  it,  such  object  will  not  be  seen. 

1145.  j^ample  of  a  cannon-ball.  —  Hence  it  is  that  the  ball  dis- 
charged from  a  cannon  passing  transversely  to  the  line  of  vision  is 
not  seen ;  but  if  the  eye  be  placed  in  the  direction  in  which  the  hall 
moves,  ao  that  the  angular  motion  of  the  ball  round  the  eye  as  a  centre 
will  be  slow  notwithstanding  its  gi'eat  velocity,  it  will  be  visible,  be- 
cause however  rapid  ila  real  motion  through  space,  its  angular  motion 
with  respect  to  the  eye  (and  consequently  of  the  image  of  its  picture 
on  the  retina)  will  be  sufficiently  slow  t«  give  the  necessary  time  for 
the  production  of  a  perception  of  it, 

1146.  Quietness  of  vision  depends  on  colour,  brightness,  and  mag- 
nitude.— The  time  thus  necessary  to  obtain  the  perception  of  a  vi'dble 
object  vaiies  with  the  degree  of  illumination,  the  colour,  and  the  ap- 
parent magnitude  of  the  object.  The  more  intense  the  illumination, 
the  more  vivid  the  colour,  and  the  greater  the  apparent  magnitude, 
the  less  will  be  the  time  necessary  to  produce  a  perception  of  the 
object. 

1147.  Condi/ions  which  determine  apparent  motion — In  applying 
this  principle  to  the  phenomena  of  vision,  it  must  be  carefully  remem- 
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bered  tLat  the  question  is  affected,  not  by  tLe  real  but  by  the  appa- 
rent motion  of  the  objeot,  that  is  to  say,  not  by  the  velocity  with 
which  the  objeot  really  moves  firough  space,  but  by  the  angle  which 
the  line  drawn  from  the  eye  to  the  object  describes  per  second.  Now 
this  angle  is  affected  by  two  conditions,  which  it  is  important  to  attend 
to :  1°.  the  direction  of  the  motion  of  the  object  compared  with  tlie 
line  of  vision ;  and  2°.  by  the  velocity  of  the  motion  compared  with 
the  distance  of  the  object.  If  the  objeot  ■were  to  move  exactly  in  the 
direction  of  the  line  of  vision,  it  would  appear  to  the  eye  to  be  abso- 
lutely stationary,  since  the  line  drawn  to  it  would  have  no  angular 
motion ;  and  -if  it  were  to  move  in  a  direction  forming  an  oblique 
angle  to  the  line  of  vision,  its  apparent  motion  might  be  indefinitely 
slow,  however  great  its  real  velocity  might  be. 

For  example,  let  it  be  supposed  that  the  eye  being  at  'E,Jig.  370, 
an  object  o  moves  in  the  direction  o  o',  so  as  to  move  from  o  to  o'  in 


Fig.  370. 

one  second.  Taking  e  as  a  centre,  and  E  o  as  a  radius,  let  a  circular 
arc  0  o"  be  described.  The  apparent  motion  of  the  object  will  then 
be  the  same  as  if,  instead  of  moving  from  o  to  o'  in  one  second,  it 
moved  from  o  to  o"  in  one  second. 

The  more  nearly,  therefore,  at  right  angles  to  the  line  of  vision  the 
direction  of  the  motion  is,  the  greater  will  be  the  apparent  motion 
produced  by  any  real  motion  of  an  object. 

1148.  HmB  apparent  molion  is  affected  by  distance.  —  A  motion 
which  is  visible  at  one  distance  may  be  invisible  at  another,  inasmuch 
as  the  angular  velocity  will  be  increased  as  the  distance  is  diminished. 
Thus  if  an  object  at  a  distance  of  57j  feet  from  the  eye  move  at 
the  rate  of  a  foot  per  second,  it  will  appear  to  move  at  the  rate  of 
one  degree  per  second,  inasmuch  as  a  line  one  foot  long  at  57^  feet 
distance  subtends  an  angle  of  one  legree  N  w  jf  the  eye  be  le  noved 
from  such  an  object  to  a  distance  of  115  feet  the  apparent  motion 
will  be  half  a  degree  or  thirty  minutes  per  second  and  if  it  be 
removed  to  thirty  timei  that  li  tance  the  apparent  motion  mil  be 
thirty  limes  slower.  Oi  if  on  the  othei  hind  the  eye  be  liought 
nearer  to  the  objeot,  the  ipparent  motion  will  be  acceleiated  m  exactly 
the  same  proportion  is  the  distance  of  the  eye  is  diminished 

1149.  Example  of  a  camum  hall  and  the  moon  — A  cannon  !  all 
moving  at  1000  miles  an  hour  transverselj  to  the  line  of  Msiun  and 
at  a'  distance  of  50  yards  from  the  eye  will  be  invisible  since  it  will 
not  remain  a  sufficient  time  m  any  one  position  to  produce  perception. 
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The  moon,  kowcYcr,  nioving  witli  more  than  duulile  llie  velocity  of 
the  caunon-ball,  being  at  a  distance  of  240,000  miles,  has  an  apparent 
motion,  so  slow  as  to  be  imperceptible. 

1160.  Wliat  motions  are  imperceptible.  —  The  angular  motion  of 
the  line  of  viaioa  may  be  so  diminished  as  to  become  imperoeptible ; 
and  the  body  thus  moved  will  in  this  case  appear  stationary.  It  is 
foaud  by  experience  that  unless  a  body  moves  in  such  a  manner  that 
the  line  of  vision  shall  describe  at  least  one  degiee  in  each  minute  oi 
time,  its  motion  will  not  be  puceptible 

1151.  Whi/  the  diurnal  motion  of  the  keaiem  is  not  immediately 
perceptible.  —  Thus  it  19  f hit  we  are  not  consLious  of  the  diuinal 
motion  of  the  firmament  If  we  look  at  the  moon  and  stirs  on  & 
clear  night,  they  appear  to  the  eye  to  be  quiescent  but  if  we  observe 
them  after  the  lapse  of  some  horns,  we  find  that  then  positions  are 
changed,  those  which  were  near  the  horizon  being  nearer  the  meri- 
dian, and  those  which  were  in  the  meridian  having  descended  towards 
the  horizon.  Since  we  are  conscious  that  this  change  did  not  take 
place  suddenly,  wo  infer  that  the  entire  firmament  must  have  been  in 
continual  motion  round  U3,  but  that  this  motion  is  so  slow  as  to  be 
iffl  perceptible. 

Since  the  heavens  appear  to  make  a  complete  revolnljon  in  twenty- 
four  hours,  each  object  on  the  firmament  must  move  at  the  rate  of 
15°  an  hour,  or  at  the  rate  of  one  quarter  of  a  degree  a  minute.  But 
since  no  motion  is  perceptible  to  the  eye  which  has  a  less  apparent 
velocity  than  1°  per  minute,  this  motion  of  the  firmament  is  nnper- 
ceived.  If,  however,  the  earth  revolved  on  its  axis  in  mx  hours  in- 
stead of  twenty-four  hours,  then  the  sun,  moon,  stars,  and  other  ce- 
lestial objects,  would  have  a  motion  at  the  rate  of  60°  an  hour,  or  1° 
per  minute.  The  sun  would  appear  to  move  over  a  space  equal  to 
twice  its  own  diameter  each  minute,  and  thb  motion  would  be  dis- 
tinctly perceived. 

The  fact  that  the  motion  of  the  hands  of  a  clock  is  not  perceived  is 
explained  in  the  same  manner. 

1152.  Why  objects  in  extremely  rapid  motion  are  not  perceivable. 
• —  But  if  the  object  which  thus  moves  be  not  sufBciently  illuminated, 
or  be  not  of  a  sufficiently  bright  colour  to  impress  the  retina  sensibly, 
it  will  then,  instead  of  appearing  as  a  continuous  line  of  coloui,  cease 
to  be  visible  altogether ;  for  it  does  not  remm  m  any  one  position 
long  enough  to  produce  a  sensible  effect  upon  the  retma  It  js  for 
this  reason  that  a  ball  projected  from  a  cannon  or  1  musket  though 
passing  before  the  eye,  cannot  be  seen.  If  two  railway  tnins  pass 
eaeh  other  with  a  certain  velocity,  a  person  looking  lut  of  tiie  window 
of  one  of  them  will  be  unable  to  see  fie  other.  If  the  velocity  be 
very  moderate,  and  the  hght  of  the  day  sufficiently  strong,  the  ap- 
pearance of  the  passing  ti-ain  will  be  that  of  a  flash  of  colour  formed 
by  the  mixture  of  the  prevailing  colours  of  the  vehicles  composing  it. 
635 
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An  expedient  Las  alreaflj  besn  described  to  allow  espcriraentally 
tiat  the  mistute  of  4lie  seven  prismatic  colours,  m  their  proper  pro- 
portions, produce  white  light,  depending  on  this  principle.  The 
colours  are  laid  upon  a  circular  disk  surrounding  its  edge,  -which  they 
divide'  into  parts  proportional  to  the  spaces  they  occupy  in  the  spec- 
trum. When  the  disk  is  made  to  revolve,  each  colour  produces,  like 
the  ligbted  stick,  the  impression  of  a  continuous  ring,  and  conse- 
quently the  eye  is  sensible  of  seven  rings  of  the  several  colours  super- 
posed one  upon  the  other,  which  thus  produce  the  effect  of  their  cora- 
binatioD,  and  appear  as  white  or  a  whitish  grey  colour,  as  already 
esplained. 

1153.  TAe  duraiion  of  llie  impression  on  the  retina  varies  with 
the  brightness  of  Ike  object.  —  The  duration  of  the  impression  upon 
tho  retina,  after  the  object  producing  it  is  removed,  varies  according 
to  the  vividness  of  the  light  proceeding  from  the  object,  being  longer 
according  as  the  light  is  more  intense.  It  was  fonnd  tiat  the  light 
proceeding  from  a  piece  of  coal  in.  combustion  moved  in  s,  circle  at  a 
distance  of  165  feet,  produced  the  impression  of  a  continuous  circle 
of  light  when  it  revolved  at  the  rate  of  seven  times  per  second.  The 
inference  from  this  would  be  that  in  that  particular  case  the  impres- 
sion upon  the  retina  was  continued  during  the  seventh  part  of  a  se- 
cond ^ter  the  removal  of  the  object. 

It  is  from  the  cause  here  indjcated  that  forked  lightning  presents 
the  appearance  of  a  continuous  line  of  light. 

1154.  ^nd  also  with  its  colour.  —  The  duration  of  the  impresaon 
on  the  retina  vai'ies  also  with  the  colour  of  the  light,  that  produced 
by  a  white  object  beiag  most  visible,  and  yellow  and  red  being  most 
in  degree  of  durability ;  the  least  durable  beiag  those  tiuts  which  be- 
long to  the  most  refrangible  lights. 

1155.  And  utith  the  brightness  of  the  surrmnding  space.  — The 
duration  of  the  impression  also  depends  on  the  state  of  illumination, 
of  the  surrounding  space ;  thus  the  impression  produced  by  a  luminous 
object  when  in  a  dark  room  is  more  durable  than  that  which  would 
be  produced  by  the  same  object  seen  in  an  illuminated  room.  This 
may  be  ascribed  to  the  greater  sensitiveness  of  the  retina  when  in  a 
state  of  repose  than  when  ita  entire  surface  is  excited  by  surrounding 
lights.  Thus  it  is  found  that  while  the  varying  duration  of  the  im- 
pression of  the  lUummated  object  in  a  dark  room  was  one-third  of  a 
second,  its  duration  in  a  lighted  room  was  only  one-sixth  of  a  second. 

1156.  Optical  toi/s  —  thaumatropes,  phantascopes,  S^c.  —  Innu- 
merable optical  toys  and  pyrotechnii  apparatus  owe  their  effect  to  this 
cuatiouance  of  the  impression  upon  the  rotiua  when  the  object  has 
changed  ita  position. 

Amusing  toys,  called  thaumatropes,  phenakisticopes,  phantascopes, 
&o.,  are  explained  upon  this  principle.  A  moving  object,  which  as- 
iiumes  a  aucce^on  of  different  pMitions  in  performing  any  action,  is 
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sive  divisions  of  tlie  ciroum- 
ference  of  a  circle,  as  in  Jig. 
871.,  in  the  successive  po- 
Bitions  it  assumes.  These 
pictures,  by  causing  the 
disk  to  revolve,  are  hrought 
in  rapid  succession  before 
an  aperture,  through  which 
the  eye  is  clireoted,  so  that 
the  pictures  representing 
the  successive  attitudes  are 
brought  one  after  another 
before  the  eye  at  intervals; 
the  impression  of  one  re- 
maining until  the  impres- 
sion of  the  uext  is  produced. 
In  this  manner  the  eye 
never  ceases  to  see  the  figure,  but  sees  it  in  such  a  succession  of  at- 
titudes as  it  wouid  assume  if  it  revolved.  The  effect  is,  that  the  figure 
actually  appears  tfl  pirovietfe  before  the  eye.  The  effeote  of  cathe- 
rine-wheels  and  rockets  are  explained  in  the  satne  manner. 

1157.  T/ie  direction  in  which  objects  are  seen. — The  direction  in 
which  any  part  of  an  object  is  seen  is  that  of  the  line  drawn  from 
Buch  point  through  the  optical  centre  of  the  eye.  This  line  being 
can-ied  back  to  the  retina  determines  the  place  on  the  retina  where 
the  image  of  such  point  is  found.  If  the  optical  centre  of  the  eye 
were  not  at  the  centime  of  the  eye-ball,  the  dJrelion  of  this  line  would 
be  changed  with  every  movement  of  the  eye-ball  in  its  socket;  every 
such  njovement  would  cause  the  optical  centre  to  revolve  round  the 
centre  of  the  eye-bali,  and  consequently  would  cause  the  line  drawn 
from  the  optical  centre  to  the  object  to  change  its  direction.  The 
effect  of  this  would  be  that  every  movement  of  the  eye-bail  would 
cause  an  apparent  movement  of  all  visible  objects.  Now,  since  there 
is  no  apparent  motion  of  (his  kind,  and  since  the  apparent  position  of- 
external  objects  remains  the  same,  however  the  eye  may  be  moved  in 
its  socket,  it  follows  that  its  optical  centre  must  be  at  the  centre  of 
the  eye-lall. 

1158.  Why  the  motion  of  the  eye-ball  does  not  produce  any  appa- 
rent motion  in  the  object  seen. — Since  lines  drawn  irom  the  various' 
points  of  a  -visible  object  through  the  centre  of  the  eye  remain  un- 
changed, however  the  eye-ball  may  move  in  its  socket,  and  since  the 
corresponding  points  of  the  image  placed  upon  these  lines  must  also 
remwn  unchanged,  it  follows  tbat  tlie  position  of  the  image  formed  on 
the  eye  remiuns  fised,  even  though  the  eye-hall  revolve  in  the  socket. 
It  appears,  therefore,  that  when  the  eye-ball  is  moved  in  the  socket, 
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tlie  picture  of  an  external  object  remains  fixed,  while  the  retina 
inoYes  under  it  just  as  the  picture  ttrown  by  a  magie  lantern  on 
a  screen  would  remain  fixed,  howeTer  the  screen  itself  might  ha 
moved. 

Thus,  if  we  direct  the  asis  of  the  eye  to  the  centre  o,  _fig.  372.,  of 
'■    ■  '  -.the 


any  c 


of  the  crystalline,  and  through  t 
nage  of  o  will  he  formed  at  o. 


image  of  the  poict  o  will  l 
fovmed  at  o  on  the  retina,  where 
the  optical  asia  d  o  meets  it. 
The  axis  of  the  pencil  of  rays 
which  proceed  from  the  point  o 
will  pass  through  the  centre  of 
the  cornea  u,  through  the  axis 
centre  o  of  the  eye-ball,  ancl  the 


Now,  if  we  suppose  the  eye  to  be  turned  a  little  to  the  left,  so  that 
the  optjcal  axis  will  he  inclined  to  the  line  o  o  at  the  angle  i>'  c  o,  tie 
iinage  of  tiie  point  o  will  still  hold  the  same  absolute  position  o  as 
before ;  hut  the  point  of  the  retina  on  which  it  was  pieyionaly  formed 
will  he  removed  to  o'.  The  direction  of  the  point  o  will  be  the  aarae 
as  before ;  but  the  point  of  the  retina  on  which  its  image  will  be 
formed  will  be,  not  at  o,  at  the  extremity  of  the  optic  axis,  but  at  o', 
at  a  distance  o  o'  from  it,  which  subtends  at  the  centi'e  C  of  the  eye 
an  angle  uqual  to  that  through  which  the  optical  axis  has  been 
turned. 

It  is  evident,  therefore,  that  although  the  eye  in  this  case  he  moved 
round  its  centre,  the  point  o  ia  still  seen  in  tlie  same  direction  as  be- 
But  if  the  optical  centre  of  the  eye  were  diiferent  from  the  centro 
of  the  eye-ball,  the  direction  in  which  the  point  o  would  be  seen  would 
be  changed  by  a  change  of  position  of  the  eye. 

To  render  this  more  clear,  let  0,^g.  373.,  be  tie  centre  of  the  eye- 
ball, and  o'  the  optical  centre 


Fig,  373. 
J)  C  meets  the  retina.  Lot  in 
turned  aside  through  the  anc 
removed  from  o"  to  c",  and  tl 
point  o'',  where  the  line  o  c" 
fore,  in  which  o  will  now  be  se 
the  direction  in  which  it  was 


sented  to  the  point  o  of  the  ob- 
ject. The  image  of  this  point 
will,  as  before,  be  formed  at  o, 
-the  point  where  the  opidoal  asis 
now  suppose  the  axis  of  the  eye  to  be 
e  D  0  d',  the  optical  centre  will  then  be 
t  image  of  o  will  now  be  formed  at  tho. 
leets  the  retina.  The  directioc,  there- 
in, will  be  that  of  the  line  c"  o,  whereas 
before  seen  was  that  of  the  line  co. 
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TliB  point  of  tlie  retina  at  wliieli  tlic  image  o  was  originally  formed 
is  removed  to  o',  while  the  image  is  removed  to  o".  Thus  diere  is  a 
diaplaoement  not  only  of  the  retina  behind  the  image,  but  also  an  ab- 
solute displacement  of  the  image,  and  an  absolute  onaage  in  the  appa- 
rent direction  of  the  object.  Since  no  snob  change  in  the  apparent 
direction  ia  consequent  upon  the  movement  of  the  eye  in  its  socket, 
it  follows  that  the  opfjcal  centre  d  of  the  eye  must  coincide  with  its 
g    mf      1       t 

1159    0    1       p    f  I  accidental  colours.  —  The  continuance 

f  th  ff  t  p  d  d  by  th  mage  of  a  visible  object  on  the  retina 
ft  h    bj    t  b      b  moved  from  before  the  eye,  combined 

w  th  th,     ff    t    f  th     m  f  another  object  placed  before  the  eye, 

d       g       b        t  t  the  effect  of  that  which  was  removed, 

p    d    es        lass    t  pb      m  na  called  ocular  spectra  and  accidenial 
I 

Tb     ff    t  p    d      d  br       trongly  illuminated  m  g   f   m  d    n  the 
t       doe       t    pp       t    b    merely  the  cootinnan       f  the  s  n    pe 
p  fte   th    imsj,  moved,  but  also  a  ce  t   n  d  m  nut  n 

d    d       g    f  th    ae     b  1  ty  of  the  membrane  to    tb       m;  ns 

If  th       g      w  ly  aff  cted  by  the  continuan        f  the  pe     p- 

t        f  th     bj    t  f  -taon  time  aiter  its  rem    al  th     ff   t  of  tl  e 

mm  1  t    p      p         f       ther  object  on  the  retina  would  be  the 
p    cept         f  th    m    t         f  two  colours.     Thus,  if  the  eye,  after 
te    pi  t   g      b  gbt  y  11  w  object,  were  suddenly  directed  to  a 
m.1       ))        f     1  gbt     d   olour,  the  effect  ongbt  to  be  the  percep- 
t         i         r^  g       1  nd  this  perception  would  continue  until 

tb  t  t  f  th  y  11  w  bj  t  on  the  retina  wonid  cease,  after  which 
th       d    bj    t    1       w  uld  b    perceived. 

Th      f  mpl       d  k  of  white  paper  being  placed  upon  a  black 

g        d       I  t      ed  w  fer  which  will  exactly  cover  it  being  laid, 

fig  y         d        iag  intently  with  the  other  for  a  few 

d  tb        i  w  t      the  red  wafer  be  suddenly  removed  so  as 

to      pose  th      1  te  '^  f       inder  it  to  the  eye,  the  effect  ought  to  be 
th       mb     tl        f  th    p     eption  of  red  which  continues  after  the 
to      1    f  th       d  w  f     with  the  perception  of  white  whicb  the  un- 
cov     d     rfit     p    d  te  d  we  shonld  consequently  expect  to  see  a 

diluted  red  disk,  similar  to  that  which  would  bo  produced  by  the  mix- 
ture of  red  with  white. 

This,  however,  is  not  the  case.  If  the  esperiment  be  performed  aa 
here  described,  the  eye  will,  on  the  removal  of  the  red  wafer,  per- 
ceive, not  a  reddish,  but  a  greenish-blue  disk. 

In  like  manner,  if  the  wafer,  instead  of  being  red,  were  of  a  bright 
gi'eenisb-blue,  when  removed  the  impression  on  the  eye  would  be  that 
of  ft  reddish  disk. 

These  and  like  phenomena  are  esplained  as  follows ; — 
When  the  eye  is  directed  with  an  intensity  of  gaze  for.  some  time 
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St  the  red  surface,  that  part  of  the  retina  upon  which  the  image  of 
the  red  wafer  is  prodiined  becomes  fatigued  with  the  action  of  the  red 
light,  Bud  loses  to  some  extent  its  sensibility  to  that  light,  exactly  aa 
the  ear  is  deafened  for  a  momeat  by  an  overpowering  soimd.  When 
the  red  wafer  is  removed,  the  white  disk  beneath  \t  transmits  to  the 
eye  the  white  light,  which  is  composed  of  all  the  culuurs  of  the  spec- 
trum. But  the  eye,  from  the  previous  action  of  the  red  light,  ia 
comparatively  insensible  to  those  tints  whioh  form  the  red  end  of  the 
spectrum,  such  as  red  and  orange,  but  comparatively  sensitive  to  the 
blues  and  greens,  which  occupy  the  other  end.  It  is  therefore  that 
the  eye  perceives  the  white  disk  aa  if  it  were  a  greenish-blue,  and 
continues  to  perceive  it  until  the  retina  recovers  its  sensibility  for  red 
light. 

1160.  Experiments  of  Sir  D.  Brewster  on  ocular  spectra.  —  The 
experiment  above  described  may  be  varied  by  using  wafers  of  varions 
coloars ;  and  it  will  in  each  case  be  found  that  on  the  removal  of  the 
wafer  the  accidental  colour  or  ocular  spectrum  produced  will  be  that 
which  is  given  in  the  second  column  of  the  following  table,  supplied 
by  the  observations  of  Sir  David  Brewster : — 


Colour  of  the  Wafer. 

»-.™a.i.„.,»>,..,.h.o»a. 

Bei 

Blaish  fereen. 

Ornate 

Blue 

iellow 

InLgo 

Tieen 

Violet  raddieh. 

Pliie 

Indigt 

Onnge  yellow. 

YiolBt 

Yell™  peen. 

Blaa 

White 

White 

Elack 

It  follows,  therefort  from  the  results  in  the  above  table,  that  the 
pnmitivt  and  accidental  colours  are  sorehled  to  each  othei,  that  it 
the  foimer  be  reduced  to  the  same  degree  nf  intensity  as  the  latter, 
one  will  be  the  oomplementaiy  colour  of  the  other,  or,  which  is  the 
same,  they  will  be  so  related  that  it  mingled  together  thej  will  jro 
duce  white  light 

Ihe  ospeiiment  mij  be  vsned  in  tlie  following  manner  — 
If  a  small  pirticle  of  red  iire  he  huined  in  a  dark  rorm,  s3  ts  to 
illuminate  nil  the  sunounding  objetta  with  nn  intense  led  lifeht,  and 
it  be  suddenly  estinguii^hed,  the  eye  will  for  a  time  see  i  grtcn 
flame ,  ind  this  green  flame  wiE  be  visible  whether  the  eje  be  open 
01  elobed 
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If,  on  the  other  hanci,  a  green  fire  be  burtifeJ,  it  will  be  succeeded 
by  tie  perception  of  a  reddish  light. 

If  the  eyo  be  directed  intently  upoa  the  disk  of  the  sun  at  rising 
or  setting,  when  it  is  red,  on  cloaing  the  eyelids  a  green  solav  disk 
will  be  perceived. 

1161.  fVhy  msij}le  o^ecls  do  not  appear  inverted.  —  A  difficulty 
has  been  presented  in  the  explanation  of  the  functions  of  the  eye  to 
which,  as  it  appears  to  me,  undue  weight  has  been  given.  It  has 
been  already  explained,  that  the  images  of  external  objects  which  are 
depicted  on  the  retiika  are  inverted ;  aad  it  has  accordingly  boon  asked 
why  yiaible  objects  do  not  appear  npdde  down.  The  answer  to  thia 
appears  to  be  extremely  simple.  Inversion  is  a  relative  term,  which 
it  is  impossible  to  esplaia  or  even  to  conceive  without  reference  to 
something  which  is  not  iavci-ted.  If  we  say  that  any  object  is  inverted, 
the  phrase  ceases  to  have  meaning  unless  some  other  object  or  objects 
are  implied  which  are  erect,  If  all  objects  whatever  hold  the  same 
relative  position,  none  can  be  properly  said  to  be  inverted;  as  the 
world  turns  upon  its  axis  once  in  twenty-four  hours,  it  is  certain  that 
the  positions  which  all  objects  hold  at  any  moment  is  inverted  with 
respect  to  that  which  they  held  twelve  hours  before,  and  to  that  which 
they  will  hold  twelve  hours  later;  but  the  objects  as  they  are  con- 
templated are  always  erect.  In  fine,  since  all  the  images  pi-odueed 
upon  the  retina  hold  with  relation  to  each  other  the  same  position, 
none  are  inverted  with  respect  to  others ;  and  as  such  images  alone 
can  be  the  objects  of  vision,  no  one  object  of  vision  can  be  inverted 
mth  respect  to  any  other  object  of  vision;  and  consequently,  all 
being  seen  in  the  same  position,  that  position  is  called  the  erect 
position. 

1162.  The  seat  of  vision. — Physiologists  are  not  agreed  aa  to  the 
manner  in  which  the  perception  of  a  visible  object  is  obtained  from 
the  image  formed  in  the  inferior  of  the  eye.  It  is  certain,  however, 
that  this  image  is  the  cause  of  vision,  or  that  the  means  whereby  it  is 
produced  are  also  instrumental  in  producing  the  perception  of  sight. 
It  may  also  be  considered  as  established  that  the  perception  of  a 
visible  object  is  more  or  less  distinct,  according  to  the  greater  or  less 
distinctness  of  the  image.  But  it  would  be  a  great  error  to  assume 
that  this  image  on  the  retdna  is  itself  seen,  for  that  would  involve  the 
Buppo^tion  of  a  second  eye,  beyond  the  first,  or  within  it,  by  which 
such  image  on  the  retina  would  be  viewed.  Kow,  no  means  of  com- 
municating between  the  image  on  the  retina  and  the  sensorium  exist 
except  the  usual  conduits  of  all  sensation,  the  nerves. 

It  has  been  already  explained  that  the  optic  nerve,  after  entering 
the  eye  at  a  point  near  the  nose,  spreads  ilself  over  the  interior  of  the 
globe  of  the  eye  behind  the  viteeous  humour,  and  that  this  retina  or 
network  is  perfectly  ti-ansparent,  the  coloured  image  being  formed  not 
properly  upon  it,  but  upon  the  black  surface  of  the  choroid  coat 
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behmd  it.  Now,  it  has  been  raaintained,  that  the  functions  of  vision 
are  performed  by  this  nervous  membrane  in  a  manaer  analogous  to 
that  by  which  the  sense  of  tonch  is  affected  by  external  objects.  The 
membrane  of  the  retina,  it  is  supposed,  touching  the  coloured  image, 
jiiid  being  in  the  highest  degree  sensitive  to  it,  just  as  the  hand  ia 
sensitive  to  an  object  which  it  touches,  receives  from  the  coloured 
image  an  action  which,  being  continued  to  the  brain,  produces  per- 
ception there  in  accordance  with  the  form  and  colour  of  the  image 
iipon  the  choroid.  According  to  this  view  of  the  functions  of  vidon, 
the  Tetiaa,  feels,  as  it  were,  the  image  on  the  choroid,  and  transmits 
to  tLe  aensoriuni  the  impression  of  it^  colour  and  figure  in  the  same 
manner  as  the  hand  of  a  blind  persoa  would  transmit  to  the  senso- 
rium  the  form  of  an  object  which  it  touches. 

1163.  Light  and  colour  aclhig  directly  on  the  retina  produce 
no  sensation. —  If  this  hypothesis  be  admitted,  it  would  follow  that 
the  retina  itself  would  be  incapable  of  exciting  the  sense  of  sight  by 
the  mere  action  of  light  and  coloors  upon  it.  This  is  verified  by  the 
f  wt  that  when  the  image  produced  within  the  eye  is  formed  upon  a 
point  of  the  optic  nevve  which  has  not  the  choroid  behind  it,  no 
peiception  is  produced. 

In  ordei  to  prove  this,  let  three  wafers  be  applied  in  a  horizontal 
line  upon  a  vertical  screen,  each  separated  from  the  other  by  a  dia- 
tance  of  two  feet.  Let  the  screen  be  placed  before  the  ohsei-ver  at  a 
distance  of  about  15  feet,  the  wafers  being  on  a  level  with  the  eye ; 
and  let  the  centre  wafer  be  so  placed  that  a  line  drawn  from  the  right 
eye  to  it  shall  be  perpendicular  to  the  screen.  Let  the  left  eye  be 
now  closed,  and  let  the  right  eye  be  directed  to  the  extreme  wafer  on 
the  left,  but  so  that  all  three  wafers  may  still  be  perceived.  Let  an- 
other person  now  slowly  move  the  screen,  so  as  to  bring  it  nearer  to 
the  observer,  maintaining,  however,  the  middle  wafer  in  the  direction 
of  the  eye  at  c.  It  will  he  found  that  the  screen  being  so  mdvcd  to  a 
distance  of  10  feet  from  the  eye,  the  middle  wafer  will  appear  to  bo 
suddenly  extinguished,  and  the  estreme  wafers  on  the  right  and  left 
will  be  seen. 

1164.  The  optic  nerve,  is  insensible  where  it  does  not  cover  the 
choroid.  —  This  remarkable  phenomenon  is  explained  by  showing 
that  in  thia  particular  position  of  the  eye  and  the  screen,  the  image  of 
the  middle  wafer  falls  upon  the  base  of  the  optic  nerve  where  the 
choroid  coat  is  not  under  it. 

This  will  be  rendered  more  intelligible  by  reference  to  Jig.  374., 
where  b  ia  the  middle  wafer,  a  the  left-hand,  and  0  the  right-hand 
wafer.  The  imago  of  A  is  formed  at  o,  to  the  right  of  the  optJo 
nerve;  and  the  image  of  0  is  formed  at  c,  to  the  left  of  that  nerve. 
In  both  .these  portions  the  choroid  coat  is  behind  the  retina.  But 
the  image  of  E  is  formed  at  h,  directly  upon  the  point  where  the  optic 
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s  from  tlie  eje-ball,  ani3  where  the  choroid  does  not  extend 


1165.  Experimenl  of  Sir  D. 
Breuistfir  to  confirm  t/th.  — Sir 
David  Brewster  gives  tie  fol- 
lowing esperitnent  as  a  furtiiev 
argument  in  support  of  this  hy- 
pothesis. In  the  eye  of  tho 
Sepia  loligo,  or  cuttle-fish,  an 
opaqne  memhranous  pigment  is 
interposed  between  tJie  retina 
and  the  vitreoua  humour,  so 
that  if  the  retina  were  essenldat 
to  vision,  the  impression  of  the 
image  on  this  hlaok  membrane 
mnst  be  conveyed  to  it  by  the 
■vibration  of  this  membrane  in 
front  of  it.  Sir  David  Brewster 
also  mentions  that  in  ypung 
poraons  the  choroid  coat,  instead 
of  being  covered  with  a  black 


pigment,  reflects  a  brilliant  crimson,  like  that  of  dogs  and  some  other 
animals;  and  imagines  that  if  the  retina  were  affeoted  by  tte  rays 
wiiicli  pass  throngk  it,  tliis  crimson  light  ought  to  escite  a  corre- 
sponding sensation,  which  is  not  the  case. 

1166.  Wkij  ejects  are  not  seen  double.  —  The  question  why,  hav- 
ing two  eyes  on  which  independent  impressions  are  made  by  external 
objects,  and  on  the  retina  of  each  of  which  an  independent  picture  of 
a  visible  object  is  formed,  we  do  not  see  two  distinct  objects  correspond- 
ing to  eacli  individual  external  object  which  impresses  the  organ,  is 
often  asked. 

The  first  reflection  which  arises  on  the  proposition  of  this  question, 
is  why  the  same  question  has  not  been  similarly  proposed  with  refer- 
once  to  the  sense  of  hearing.  Why  has  it  not  been  asked  why  we  do 
not  hear  double  ?  why  each  individual  sound  praduced  by  a  bell  or  a 
string  is  not  heard  as  two  distinct  sounds,  since  it  must  impr^s  inde- 
pendently and  separately  the  two  organs  of  hearing  ? 

It  cannot  be  denied,  that,  whatever  reason  tliere  be  for  demanding 
a  solution  of  the  question,  why  we  do  not  see  double  ?  is  equally 
applicable  to  the  solution  of  the  analogous  question,  why  we  do  not 
heai'  double?  Like  many  disputed  questions,  this  will  be  stripped 
of  much  of  its  difficulty  and  obsourity  by  a  strict  attention  to  the 
meaning  of  the  terms  used  in  the  question,  and  in  the  disoussion  conse- 
quent upon  it.  If  by  seeing  double  it  be  meant  that  the  two  eyes  re- 
ceive separate  and  independent  impressions  from  each  external  object, 
then  it  is  true  that  we  bob  double.     But  if  it  be  meant  that  &s  mipd 
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receives  two  distinet  and  independent  impreasions  of  tKe  same  exter- 
nal object,  tten  a  qualified  answer  onlj  caTi  be  given. 

If  the  two  eyes  ooovey  to  the  uiiud  jirecisely  the  same  impre^on 
of  the  same  external  object,  differing  in  no  respect  whatever,  then 
thej  will  produce  in  the  mind  precisely  the  sajne  perception  of  the 
object;  and  as  it  is  impossible  to  imagine  two  perceptions  to  esist  in 
tho  mind  of  the  same  external  object  which  are  precisely  the  same  in 
all  respects,  it  would  involve  a  contradiction  in  teima  to  suppose  that, 
in  such  case,  we  perceive  the  object  double. 

If  to  perceive  the  object  double  mean  anything,  !t  mean?  that  the 
mind  has  two  perceptions  of  tho  same  object,  distinct  and  different 
fiom  each  other  in  some  respect.  Now,  if  this  distinctnei?  or  dif- 
ierence  esist  in  the  miod,  a  corresponding  distinctness  and  difference 
must  exist  in  tho  impression  produced  of  the  externa!  obiect  on  the 
organs.  It  will  presently  appear,  that  cases  do  oocui  in  which  the 
organs  are,  in  fact,  differently  impressed  by  the  larae  external  object ; 
and  it  will  also  appear,  that  in  such  cases  precisely  we  do  see  double, 
meaning  by  these  terms,  that  we  have  two  peiceptions  of  the  same 
object,  as  distinct  from  each  other  as  are  oar  peioeption''  of  two  dif- 
ferent objects. 

To  render  thk  point  more  clear,  let  us  ooniider  m  what  respects  it 
is  possible  for  the  impressions  made  upon  the  two  ejes  by  the  same 
object  to  differ  from  each  other. 

A  visible  object  impresses  the  eye  with  a  sense  of  a  certain  appa- 
rent form,  of  a  certain  apparent  magnitude,  of  certain  colours,  of  a 
certain  intensity  of  illumination,  and  of  a  certain  visible  direction. 
Now,  if  the  impression  produced  by  the  same  object  upon  the  two 
eyes  agree  in  all  these  respects,  it  is  imposdble  to  imagine  that  the 
mind  can  receive  two  distinct  perceptions  of  the  object,  for  it  is  not 
possible  that  the  two  perceptions  could  differ  from  each  other  in  any 
respect,  except  in  some  of  those  just  mentioned.  "  Let  us  suppMo  the 
two  eyes  to  look  at  the  moon,  and  that  such  object  impresses  them 
with  an  image  of  precisely  the  same  apparent  form  and  magnitude, 
of  precisely  me  same  colours  and  lineaments,  of  predsely  the  same 
intensity  of  illumination,  and,  in  fine,  in  precisely  the  same  direction. 
Sow,  the  impressions  conveyed  to  the  mind  by  each  of  the  eyes  cor- 
responding in  all  these  respects,  the  object  must  be  perceived  in  virtue 
of  both  impressions  precisely  in  the  same  manner,  that  is  to  say,  it 
must  be  seen  in  precisely  the  same  direction,  of  precisely  the  same 
magnitude,  of  precisely  the  same  form,  with  precisely  the  same  linea- 
ments of  light  and  shade,  and  with  precisely  the  same  brightness  or 
intensity  of  illumination.  It  is  therefore,  in  such  a  case,  clearly  im- 
possible to  have  a  double  perception  of  the  object. 

It  will  be  observed,  that  the  same  reasoning  exactly  will  be  appli- 
cable to  the  sense  of  heaving.     If  the  same  string  or  the  same  pipe 
affect  the  membrane  of  eacli  oar-drum  in  precisely  the  same  manner, 
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so  as  to  produce  a  perception  of  a  sound  of  the  same  pitoli,  tlie  same 
loudness,  and  the  same  quality,  it  is  impoaaible  to  conceive  that  two 
differout  perceptions  can  be  produced  by  the  two  ears,  for  there  is  no 
respect  in  which  it  is  possible  for  two  suoh  perceptions  to  differ,  ina&- 
Biuch  as  by  the  very  supposition  they  agree  in  all  the  qualities  which 
belong  to  sound. 

But,  if  we  would  conceive  by  any  organic  derangement  that  the 
same  musical  ati-ing  would  produce  in  one  ear  the  note  tit,  and  pro- 
duce in  the  other  ear  the  note  sol,  then  the  same  effect  would  be  pro- 
duced aa  if  these  two  sounds  had  been  simultaneously  heard  by  the  two 
cars  properiy  organized,  and  we  should  have  a  sense  of  harraocy  of 
the  ^/(/«. 

In  like  manner,  if  the  two  eyes,  by  any  defect  of  organization,  pro- 
duced different  pictures  on  the  retina,  we  should  then  have  two  per- 
ceptions of  the  same  obj      b     ng  espondin^  difference 

It  has  been  already  sh  wn  h  h  apparent  visual  magnitude  of 
an  object,  and  also  that  to  oppa  n  b  11  anoy,  depend  on  its  distance 
from  the  eye. 

Now,  assuming,  as  w  bill  d  unl  fie  contrary  be  expressed, 
that  the  two  eyes  are  sim  la  ly  n  uted  it  will  follow,  that  an  object 
whose  distance  from  the  w     j  q  al  will  be  seen  under  the  same 

visual  angle,  and  will  therefore  have  the  same  apparent  magnitude; 
it  will  also  have  the  same  colour  and  intensity  of  illumination,  and, 
in  fine,  if  the  distance  between  the  eyes  bear  an  insignificant  propor- 
tion to  the  distance  of  the  object  from  them,  the  lines  drawn  from  the 
eenti-e  of  the  eyes  to  any  point  on  the  object  will  be  practically  paral- 
lel; and  since  these  lines,  as  has  been  already  esplMned,  determine 
the  direction  in  which  the  object  is  seen,  such  object  will  then  ho  seen 
in  the  same  direction.  Now,  since  the  apparent  form,  the  apparent 
magnitude,  the  apparent  colour,  the  apparent  intensity  of  illumina- 
tion, and,  in  fine,  the  apparent  direction  are  the  same  for  both  eyes, 
it  is  clear  that  the  same  impression  must  be  produced  upon  the  senses, 
and  the  same  perceptions  convey  d  to  th    m'  d  seq      tl    't  f  1 

lows,  demonstratively,  that  aJl  ob  ta  wh  h  p  d  die  ce 
compared  with  which  the  distan      b    w        b  sig   iican 

■will  convey  a  single  perception  to  h    m    d  wi 

be  seen  doable. 

IIQ7.  Exceptional  cases  in  ie  h  end  —  B 

we  have  now  to  consider  a  differ  wh   h  wi     p 

conditions,  and  consequences  of  pe 

Let  us  suppose  an  object  placed  h  h  dia     oe 

shall  not  bear  a  considerable  prop  h  h        h  w     h 

separates  the  centres  of  the  eyes  oa       h     m         p    d  oe 

on  the  retina  of  the  two  eyes  m        ff         m 
of  illumination,  and  even  in  fo  ni       d         fi  th 
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apparent  direofJon  of  any  point  on  tlio  object  as  seen  hy  the  two  eyea 
Tviil  he  sensibly  different. 

In  this  case,  therefore,  the  two  eyes  convey  to  the  mind  a  different 
impresaion  of  the  same  object;  and  we  may  therefore  expect  that  we 
h     H        'td    bl     and  ■    f   tw    d 

Btthbrvt         fthprhlxi       «»  1  nit 

tt     t  ml         th    I    cept         f     h   h  sc    is 

ff    ted      t  ly  by  th     rap    b6  1      j       tL       ga      f 

>   t  by  th    d  gc       f    tt    t      wh   b  th   m    i  gj       to  t.     Th       f 
tl    t       y     h    1  ff      tly  mp      ed     h     by  th       m       b\  d  tf 
Iject    jl      i  bef       th  m  th  1  m  i  g        t      tt    t 

1        ly  to     th       mp  as  t    1       aU  f  th 

th 
Th       f  tw      t       be    t  th    sam    t  th    fi  1 1    f       w    t 

t  1       p  fr  q      tly  h  PI  d  b  d  t  g  th     by  th     y 

w     h  11  be  CO  =c  f     p    cept        f  h  th       1    ^      th     tt    t 

t       1        lyditdtoh       htfwga        tetJy 
t  th  m      as  to   h  t      1  y    th     v      ^      tV    '*    <'    g 

t  w      h  11     aae  t    b  f  th   p  f  th     th         Tl 

ipl     t        t  th       b        t       to  th    q      t       bt  wUb    p 

tly   pp       t 

Let         jSg'   3  5    !     th    1       sep     t    g  th  t         f  tl     tw 

T      a     p    se  t    g  th  tr      t  th      ght       d     th  t    f 

h    1  ft   y 
L  t     b  bl    t       h  as  th    fl  f         dl        1  mj, 

t  th    d  t  f    b    1 40  f    t        th  t  th    1  f 

direction  L  o  and  R  o  converging  upon  it  fi'om  the  centres 
f  the  eyes  may  be  regarded  as  practically  parallel,  the  dia- 
ance  being  aboat  200  times  greater  than  the  distance  LR 
from  the  eyes.  The  object  O  will  therefore  be  seen  in  the 
le  direction  byJioth  eyes,  and  being  at  a  distance  from 
two  eyes  practically  equal,  will  have  the  same  apparent 
magnitude,  form,  colour,  and  intensity  of  illumination,  and, 
ionaeqneutly,  will  he  seen  single. 

Let  a  small  white  rod  be  held  at  the  distance  A,  of  about 
3  inches  from  the  left  eye  L,  and  in  the  line  l  o,  so  as  to 
intercept  the  view  of  the  object  o  from  the  left  eye,     The 

left  eye  will  then  see  the  rod  at  a,  and  not  the  object  o; 

|.-  g^s  but  the  right  eye  will  still  see  the  object  O,  as  before.  Now, 
if  the  attention  be  earnestly  directed  to  the  object  0,  the 
object  A  will  not  bo  perceived ;  hut  if  the  attention  be  directed  to  the 
object  A,  it  will  be  perceived  distmetly,  hut  the  object  0  will  be  seen 
through  it  as  if  it  were  franspaient 

Now,  since  the  object  o  cannot  be  seen  by  the  left  eye  under  the 
Mrcumstances  here  supposed,  the  peiception  wo  have  of  it  must  be 
derived  from  the  right  eye ,  as\  ertheksi  it  r,  seen  in  the  line  LAO, 
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immediately  lieyocLd  the  intercepting  ■wand,  and  in  tlie  same  direction, 
and  in  the  same  manner  precisely  as  it  would  he  seen  by  the  left  eye 
L  if,  the  intercepting  wand  were  removed.  It  follows,  therefore,  that 
the  perception  we  obtain  of  the  object  o  by  the  right  eye  is  precisely 
the  same  aa  that  which  we  should  obtain  by  the  3eft  eye  if  flie  right 
were  closed,  and  the  interceptiug  wand  A  removed.  This  may  there- 
fore be  taken  aa  an  experimental  proof  of  what,  indeed,  may  seem 
Bulficiently  evident,  &  priori,  that  an  object,  such  as  0,  placed  at  a  dis- 
tance so  great  that  lines  drawn  to  it  from  the  centre  of  the  eyes  would 
be  practically  parallel,  produce  precisely  the  same  perception  through 
the  vision  of  both  eyes. 

But  when  the  distance  of  an  object  from  the  eyes  is  so  small  that 
the  line  which  separates  the  eyes  bears  a  considerable  proportion  to 
it,  the  directions  in  which  such  an  object  ia  seen  by  the  two  eyes  are 
different,  and  it  is  easy  to  show  that  in  this  case  such  an  object  would 
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fore,  be  the  centres  of  the  two  eyes,  and 
let  A  B  bo  a  white  screen  placed  ver- 
tically at  a  distance  of  12  or  14  feet, 
having  upon  it  a  horizontal  line  on 
a  level  with  the  eye,  upon  which  is 
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^    ^^  will  be  p    d      d      Th      by 

Fig.  376.  f  th    Will       my  1 1  1} 

1  e  bji-c  V  TS  see  w  h  the  lett  eye, 
va  which  case  the  wand  will  be  seen  projected  on  the  screen  perpen- 
dicular to  the  line  A  B,  at  the  8th  division ;  and  by  a  like  act  of  the 
will,  the  attention  being  directed  to  the  impression  produced  by  the 
right  eye,  the  wand  will  be  seen  projected  on  the  screen  at  the  4th 
division  of  the  scale.  If  the  attention  be  withdrawn  from  either  of 
these,  and  the  wand  be  viewed  indifferently,  we  shall  be  conscious  of 
the  two  images,  but  not  with  the  same  distinctness  as  that  with  which 
we  should  perceive  two  wands  placed  at  the  4th  and  8th  divisions  of 
the  scale.  It  will  follow  from  this,  that  wheu  we  look  with  both  eyes 
at  any  object,  such  aa  the  printed  page  of  a  book,  at  the  distance  of 
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8  or  10  inolies  from  the  eyes,  we  have  two  images  of  the  different 
parts  of  the  page  placed  hefore  the  eyes,  wHch  are  seen  in  different 
directions,  and  ought  therefore  to  produce  double  yiaion ;  huttliiais 
prevented  by  habitually  directing  our  attention  to  one  of  the  two,  and 
neglecting  the  other. 

That  the  perception  of  an  object  will  be  double  if  the  directions  in 
wliich  it  is  seen  by  the  two  eyos  arc  different,  may  also  be  demon- 
strated in  the  following  manner : — 

It  has  been  already  shown  that  the  optica.1  centres  of  the  eyes  can- 
not change  their  position  by  the  mere  action  of  the  muscles  whieh 
raoTe  the  eye-balb  ,iu  tlieir  sockets,  and  that  the  direction  in  which 
!iny  distant  object  is  seea  by  both  eyes  is  the  same,  and  hence  it  is 
perceived  single;  but  if  a  aliglit  pressure  be  applied  to  the  eye  with 
the  iinger,  the  optical  centre  of  the  eye  may  be  moved  from  its  por- 
tion, so  that  the  direction  of  the  same  object  seen  by  it  and  by  the 
other  eye  will  not  be  the  same.  A  distant  object  will  in  this  case  be 
seen  double,  being  perceived  in  one  direclioa  by  the  eye  whieh  retiuns 
its  natural  position,  and  in  another  by  that  whose  position  is  deranged 
by  pressure. 

1168.  The  eye  supplies  no  direct  perception  of  magnitude,  Jigure, 
or  distance.  —  It  hm  been  already  esplained  that  two  similar  objects 
wliose  distances  from  the  eye  are  to  each  other  in  the  same  proportion 
as  their  linear  dimensions  will  have  the  same  apparent  magnitude. 

In  like  manner,  if  an  object,  such  as,  for  example,  a  balloon,  moves 
from  the  eye  in  a  direct  line,  we  Lave  no  distinct  consciousness  of  ita 
motion,  for  the  line  of  direction  in  which-  it  is  seen  is  still  the  same. 
It  is  true  that  we  may  infer  its  motion  through  the  air  by  the  increase 
or  diminution  of  its  apparent  magnitude ;  for,  if  we  have  reason  to 
know  that  its  real  magnitude  remains  unchanged,  we  ascribe  almost 
intuitively  the  change  of  its  apparent  magnitude  to  the  change  of  its 
distance ;  and  we  consequently  infer  that  it  is  in  motion  either  towards 
or  from  us,  according  as  we  perceive  its  apparent  magnitude  to  be  in- 
creased or  diminished.  This  information,  however,  as  to  the  motion 
of  a  body  in  a  direct  line  to  or  from  the  centre  of  the  eye,  is  not  a 
perception  obtained  directly  from  vision,  but  an  inference  of  the  reason 
deduced  from  certain  phenomena.  It  may  therefore  be  stated  gene- 
rally, that  the  eye  affords  no  perception  of  direct  distance,  and  conse- 
quently none  of  direct  motion,  the  term  direct  being  understood  hero 
to  espress  a  motion  in  a  straight  line  to  or  from  the  optical  centre  of 
the  eye. 

1169.  Manner  of  estimating  the  real  distance. — The  distance  of 
a  viable  object  is  often  estimated  by  comparing  it  witb  the  apparent 
magnitude  and  apparent  distance  of  known  objects  which  intervene 
between  it  and  the  eye. 

Thus,  the  steeple  of  a  church  whose  real  height  is  unknown  cannot 
by  mei'e  vision  be  estimated  either  as  to  distance  or  magnitude,  since 
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the  apparent  height  would  he  the  same,  provided  its  magnitude  were 
greater  or  less  in  proportion  to  its  supposed  distance.  But,  if  between 
the  st-eeple  and  the  eje  there  intervene  buildings,  trees,  or  other 
objects,  whose  average  magnitudea  may  be  estimated,  a  prosimat* 
estimate  of  the  magnitude  and  distance  of  the  steeple  may  be 
obtained. 

For  example,  if  tlie  height  of  the  most  distant  building  between 
the  eye  and  the  steeple  be  known,  the  distance  of  that  building  may 
be  estimated  by  ita  apparent  magnitude,  and  the  distance  of  the 
steeple  will  be  inferred  to  be  greater  tban  this. 

1170,  Appearance  of  the  sun  and  moon  when  rising^  or  setling. — 
A  remarkably  deceptive  impression,  depending  on  this  principle,  is 
deserving  of  mention  here.  When  the  disk  of  the  sun  or  moon  at 
rising  or  setting  nearly  touches  the  horizon,  it  appears  of  enormous 
magnitude  compared  with  its  apparent  size  when  high  ia  the  &Tna- 
ment.  Now,  if  the  visual  angle  which  it  subtends  be  actually  mea- 
sured in  this  case,  it  will  be  found  to  be  of  the  same  magnitude. 
How,  then,  it  may  be  asked,  does  it  happen  that  the  apparent  mag- 
nitude of  the  sun  at  setting  and  at  noon  are  by  measure  the  same, 
when  they  are  by  estimation,  and  by  the  irresistible  evidence  of  sense, 
BO  extremely  different?  This  is  explained,  not  by  an  error  of  the 
sense,  for  there  is  none,  but  by  an  erroneous  application  of  those 
means  of  judging  or  estimating  distance  which  in  ordinary  cases 
supply  true  and  just  conclusions. 

When  the  disk  of  the  sun  is  near  the  horiaon,  a  number  of  inter- 
vening objects  of  known  magnitude  and  known  relative  distances 
supply  the  means  of  spacing  and  measuring  a  part  at  least  of  the 
distance  between  the  eye  and  the  sun;  bnt  when  the  sun  is  in  the 
meridian,  no  such  objects  intervene.  The  mind,  therefore,  assigns  a 
greater  magnitude  to  the  distance,  a  part  of  which  it  has  the  means 
of  measuring,  than  to  the  distance  no  pai-t  of  which  it  can  measure ; 
and  accordingly  an  impression  is  produced,  that  the  sun  at  setting  is 
at  a  much  greater  real  distance  than  the  sun  in  the  meridian ;  and 
since  ite  apparent  magnitude  in  both  cases  is  the  same,  its  real  mag- 
nitude must  be  just  so  much  greater  as  its  estimated  distance  is 
greater.  The  judgment,  therefore,  and  not  the  eye,  assigns  this 
erroneous  magnituife  to'the  disk  of  the  sun. 

It  is  true  that  we  are  not  coasoious  of  this  mental  operation.  But 
this  unconsciousness  ia  explained  by  the  effect  of  habit,  which  causes 
innumerable  other  operations  of  the  reason  to  pass  unobserved. 

1171.  Method  of  estimating  by  sight  the  magnitude  of  distant 
ohjecls.  —  As  the  eye  forms  no  immediate  perception  of  distance, 
neither  does  it  of  form  or  of  magnitude,  since,  as  has  been  already 
proved,  objects  of  very  different  real  magnitudes  have  the  same 
apparent  magnitude  to  the  eye,  of  which  a  striking  esaraple  la 
afforded  in  the  case  of  the  sun  and  moon.  Nevertheless,  although 
55  ^      649 


180  LIGHT. 

tie  eye  supplies  no  immediate  perception  of  the  real  magnitude  of 
objects,  habit  and  experience  enable  us  to  form  estimates  more  or  less 
exaot  of  these  magnitudes  by  the  comparison  of  different  effects  pro- 
duced bj  sight  and  touch. 

Thus,  for  example,  if  two  objects  be  seen  at  the  same  distance  from 
the  eye,  the  real  magnitude  of  one  of  which  is  known,  that  of  the 
other  can  be  iiliiaediately  inferred,  since,  in  this  case,  the  apparent 
magnitudes  will  be  pi'Oportional  to  the  real  magnitudes.  Thus,  for 
example,  if  we  see  the  figure  of  a  man  standing  beside  a  tree,  wc 
form  an  estimate  of  the  height  of  the  latter,  that  of  the  former  being 
known  or  assumed.  Ascribing  to  the  individual  seen  near  the  tree 
the  average  height  of  the  human  figure,  and  comparing  the  apparent 
height  of  the  tree  with  his  apparent  height,  we  form  an  estimate  of 
the  height  of  the  tree. 

1172.  Sitigular  illusion  produced  in  St.  Peter's  at  Rome.  It  ia 
by  this  kind  of  inference  that  buildings  constructed  upon  a  scale 
greatly  eseeeding  commoa  dimensions  are  eslimat-ed,  and  rendered 
apparent  in  pictorial  representations  of  them. 

On  entering,  for  example,  the  aisle  of  St.  Peter's  at  Rome,  or  St. 
Paul's  at  London,  we  are  not  immediately  conscious  of  the  vastness 
of  the  scale  of  these  structures ;  but  if  we  happen  to  see  at  a  distant 
part  of  tlie  building  a  hnman  figure,  we  immediately  become  conscious 
of  the  scale  of  the  structure,  for  the  known  dimensions  of  this  figure 
supply  a  modulus  which  the  mind  instantly  applies  to  measure  the 
dimensions  f  th  wh  1  P  this  ason  ariiata,  when  they  repre- 
sent these  stiu  t         n        fiul  t     nt    duce  human  figures  in  or  near 

1173.  He  I  ag  xl  d  ja  y  I  mes  be  inferred  from  apparent 
magnitude.  —  It  h  b  n  xpl  n  d  that  the  apparent  m^nitude  of 
objects  depend  nj  ntly  n  th  eal  magnitude  and  their  distance. 
Although,  thf  thydsnt  afford  any  direct  perception 
either  of  real  m  g  t  d  distan  we  are  by  habit  enabled  to  infer 
one  of  these  f   n  tl      th 

Thus,  if  w  h  pp  n  to  kn  w  th  eal  magnitude  of  a  visible  object, 
we  form  an  ttm  t  f  s  d  t  n  from  its  apparent  magnitude; 
and,  on  the  th  h  J  fw  hjpnto  know  or  can  ascertain  tlie 
distance  of  an  Ij  t  w  nm  d  t  li  form  some  estimate  of  ifeg  real 
magnitude. 

Thus,  for  mpl  Ih  h  ght  f  human  figure  being  known,  if 
we  observe  t  pp  nt  at  m  n  tide  to  be  extremely  small,  we 
know  that  it  mu  tb  tadtn  p  portionally  great.  If  we  know 
thai  at  20  f  t  th  figu  f  a  m  n  w  11  have  a  certain  apparent  height, 
and  that  we  find  th  t  h     fi^  n  at  a  certain  distance  appears  tu 

have  only  o  fifhfh  h  htw  nfer  that  his  distance  must  be 
about  100  f    t 
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rent  magnitude,  prOTided  the  distance  lio  linown  or  can  he  ascertained. 
Tkus,  for  esample,  in  entering  Switaerland  bj  its  northevu  frontier, 
we  Bee  in  the  distance,  bounding  the  horizon,  the  line  of  the  snowy 
Alps,  and  the  first  impression  is  that  of  disappointment,  their  appa- 
rent seale  ,being  greatly  lesa  than  we  expected ;  but  when  we  are  in- 
formed that  their  distance  is  sisty  or  eighty  miles,  our  esfimate  ia  in- 
stantly oorrected,  and  we  hecome  conscious  tbat  the  real  height  of 
mouutaias  which,  seen  at  so  great  a  disbince,  ia  what  we  observe  it, 
must  he  proportionally  vast. 

1174.  The  eye  not  perceiving  direct  distance  can  liave  no  percep- 
tion of  any  motion  bjU  angular  motion  of  tohieh  it  is  the  centre.  — ■ 
When  an  object  moves  in  any  direction  which  is  not  in  a  straight  line 
drawn  to  or  from  the  centre  of  the  eye,  the  direction  in  which  it  is 
seen  continually  changes,  and  the  eye  in  this  case  supplies  an  imme- 
diate perception  of  ila  motion ;  but  this  perception  can  be  easily 
shown  to  be  one  not  entirely  corresponding  to  the  actual  motion  of 
the  object,  but  merely  to  the  eootinual  change  of  direction  whicli  this 
motion  produces  in  tie  line  drawn  from  the  object  to  the  eye. 

Thus,  for  example,  if  the  eye  be  at  E,Jig.  377.,  any  object  which 
moves  from  a  to  b  will 
cause  the  lino  .of  direction 
in  which  it  is  seen  to  re- 
volve through  the  angle 
,  AEB,  just  as  though  Uio 
body  which  moves  were  to 
Fig.  377.  describe  a  circular  arc,  of 

which  E  is  the  centre  and 
E  A  the  radius.  But  if,  instead  of  moving  from  a  to  B,  the  body 
were  to  move  from  a'  to  b',  the  impression  which  its  motion  would 
produce  upon  the  sight  would  be  exactly  the  same.  It  would  still 
appear  to  be  moving  from  the  direction  e  a'  a  to  the  direction  e  B  b'. 
In  fine,  the  eye  affording  no  perception  of  direct  distance,  supplies 
no  evidence  of  the  extent  to  which  the  body  may  change  its  distance 
from  the  eye  during  its  motion,  and  the  apparent  motion  will  be  the 
same  as  if  the  body  in  motion  described  a  oirole  of  which  the  eye  is 
the  centre. 

Hence  it  is  that  the  only  motion  of  which  the  eye  forms  any  imme- 
diate apprehension  is  angular  motion,  that  is,  a  motion  which  is  mea- 
sured by  the  angle  which  a  line  describe,  one  extremity  of  which  is 
at  the  centre  of  the  eye,  and  the  other  at  the  moving  object. 

1175.  Real  direction  of  motion  may  be  inferred  by  comparing 
apparent  motion  with  apparent  magnitude.  — Though  flte  real  direc- 
tion in  which  a  distant  object  moves  cannot  be  obtained  by  the  direct 
perception  of  vision^  some  estimate  of  it  may  be  formed  by  com- 
paring the  apparent  angular  motion  of  the  object  with  its"  apparent 
magmtude. 
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Thus  fir  esxmplri  if  we  obsetre  that  the  apparent  magnitude  of 
an  ohjLCt  rLmams  oonstaatly  the  same  wHle  it  has  a  certain  apparent 
angulai  motion,  we  infer  that  its  diatauee  must  aece^arilj  remain  the 
Game,  dud  coaaequently  that  it  revolves  in  a  eirole,  in  the  centre  of 
wliich  the  observer  js  placed ;  or  if  we  find  that  it  has  an  angular 
motion  in  virtue  of  which  it  changes  its  direction  auecessivelj  around 
us,  so  as  to  make  a  complete  circuit  of  360°,  and  that  in  miking  this 
circuit  its  apparent  magnitude  first  diminishes  to  a  certMn  limit,  and 
then  augments  until  it  attains  a  certain  major  limit  from  which  it  again 
diminishes,  we  infer  tJiat  such  a  body  revolves  round  us  at  a  vary- 
ing distance,  its  distance  being  greatest  when  the  apparent  magnitude 
is  least,  and  least  when  its  apparent  magnitude  is  greatest.  An  exact 
observation  of  the  variation  of  the  apparent  magnitude  would  in  such 
a  case  supply  a  corresponding  esfimate  of  the  variation  of  the  real  dis- 
tance, and  would  thus  form  the  means  of  ascertaining  the  path  in 
which  the  body  moves. 

1176.  Examples  of  the  sua  and  moon.  —  An  example  of  this  is 
presented  in  the  cases  of  the  sun  and  moon,  whose  apparent  magni- 
tudes are  subject,  during  their  revolution  round  the  earth,  to  a  shght 
variation,  being  a  minimum  at  one  point  and  a  maaimum  at  the  ex- 
treme opposite  point,  the  variation  being  such,  as  to  show  that  their 
motions  ai-e  made  in  an  ellipse  in  the  focus  of  which  the  earth  ia 
placed. 

1177.  Horn  ilte  (q^parent  molion  of  an  object  is  affected  by  the 
motion  of  the  observer.  —  As  the  eye  perceives  the  motion  of  an  ob- 
ject only  by  the  change  ia  the  direction  of  the  line  joining  the  object 
with  the  eye,  and  as  this  change  of  direction  may  be  produced  as  well 
by  the  motion  of  the  observer  as  by  that  of  the  object  we  find  accord- 
ingly that  apparent  motions  are  produced  sometimes  in  this  manner. 
Thus,  if  a  person  be  placed  in  the  cabin  of  a  boat  which  is  moved 
upon  a  river  or  canal  with  a  motion  of  which  the  observer  is  not  con- 
scious, the  banks  and  all  objects  upon  them  appear  to  him  to  move  in 
a  contrary  direction.  In  this  case  the  line  drawn  from  the  object  to 
the  eye  Js  not  moved  at  the  end  connected  with  the  object,  which  it 
would  be  if  the  object  itself  were  in  motion,  but  at  the  end  connected 
with  the  ey&.  The  change  of  its  direction,  however,  is  the  same  as 
if  the  end  coitiiected  with  the  object  had  a  motion  in  a  contrary  direc- 
tion, the  end  connected  with  the  eye  being  at  rest;  consequently,  the 
apparent  motion  of  the  objects  seen  whioli  are  really  at  rest,  is  in  a, 
direction  contrary  to  the  real  motion  of  the  observer. 

1178.  Example  ofrailviay  trains. — In  some  eases  the  apparent  mo- 
tion of  an  object  is  produced  by  a  combination  of  a  real  motion  in  the  ob- 
ject and  areal  motion  in  the  observer,  Tbus,  if  a  person  transported  in 
a  railway  carriage  meet  a  train  coming  iu  the  opposite  direction,  both  ex- 
tremes of  the  line  joining  his  eye  with  the  ti'ain  which  passes  him  are  in 
motion  in  contrary  directions ;  that  extremity  which  is  at  his  eye  is  moved 
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hy  the  motion  of  tlie  train  wliich  carries  him,  and  the  other  extremity  is 
moved  by  the  motion  of  the  train  which  passes  hita.  The  change  of 
direction  of  the  line  is  accordingly  produced  by  the  sum  of  these  mo- 
tions; and  as  this  change  of  direction  ia  imputed  by  the  sense  to  the 
train  which  passes,  this  train  appears  to  move  with  the  sum  of  the  tcIo- 
cities  of  the  two  trains.  Thus,  if  oae  train  be  moved  at  twenty  miles  an 
hour,  while  the  other  is  moved  at  twenty-five  miles  an  hour,  the  appa- 
rent motion  of  the  passing  train  will  be  the  same  as  would  be  the  motion 
of  a  train  moved  at  forty-five  miles  an  hour  passing  a  train  at  rest. 

1179.  Compounded  effects  of  the  motion  of  the  observer  and  of  the 
object  observed.  — If  the  line  joining  a  visible  object  with  the  eye  be 
moved  at  both  its  extremities  in  the  same  direction,  which  would  be 
the  case  if  the  observer  and  the  object  tvere  carried  in  parallel  lines, 
then  the  change  of  direction  which  the  line  of  motion  would  undergo 
would  arise  from  the  difierenoe  of  the  velocities  of  tie  observer  and 
of  the  object  seen. 

If  the  observer  in  this  case  moved  slower  than  the  object,  the 
tremity  of  the  line  of  motion  connected  with  the  object  would  be  i 
ried  forward  Jaster  than  the  estremity  connected  with  t' 
and  the  object  would  appear  to  move  in  the  direction  of  t! 
motion,  with  a  velocity  equal  to  the  difference;  but  if, 
trary,  the  velocity  of  the  observer  were  greater  than  that  of  the  object, 
the  extremity  of  the  line  connected  with  the  observer  would  be  carried 
forward  faster  than  that  connected  with  tie  object,  and  the  change  of 
direction  would  be  the  same  as  if  the  object  were  moved  in  a  contrary 
direction  with  the  difference  of  the  velocities. 

It  ia  easy  to  perceive  that  a  vast  variety  of  complicated  relations 
which  may  esdst  between  the  directions  and  motions  of  the  observer 
and  of  the  object  observed,  will  give  rise  to  very  complicated  pheno- 
mena of  apparent  motion.  Thus,  relations  may  be  imagined  between 
the  motion  of  the  observer  and  that  of  the  object  perceived,  by  which, 
though  both  are  in  motion,  the  object  will  appear  stationary;  the  mo- 
tion of  the  one  affecting  the  line  of  direction  in  an  equal  and  con- 
trary manner  to  that  with  which  it  is  affected  by  the  otiier;  and,  in 
the  same  manner,  either  motion  may  previul  over  the  other  more  or 
Iks,  so  as  to  give  the  line  of  direction  a  motion  in  accordance  with 
or  contrary  to  the  real  motion  of  the  object. 

1180.  Examples  of  the  planetari/  motions.  —  All  these  compli- 
cated phenomena  of  vision  are  presented  in  the  problems  which  arise 
on  the  deduction  of  the  real  motion  of  the  bodies  composing  the  solar 
system  from  their  apparent  motions.  The  observer  placed  in  the 
middle  of  this  system  is  transported  upon  the  earth  in  virtue  of  its 
annual  motion  round  the  sun  with  a  prodigious  velocity,  the  direc- 
tion of  his  motion  changing  from  day  to  day  according  to  the  curva- 
ture of  the  orbit.  The  bodies  which  he  obsei-ves  are  also  affected 
with  various  motions  at  various  distances  around  tie  sun,  the  oombi- 
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of  wtich  with  the  motion  of  the  earth  gives  rise  to  crmiplicated 
1,  the  analysis  of  which  is  made  upon  tlie  prineiples  here 
espiainett. 

1181.  Jivgular  or  visual  distances.  —  It  is  ustial  to  express  the 
relative  position  in  which  objects  are  seen  by  the  relative  direetion  of 
lines  drawn,  to  them  from  the  eye;  and  the  angle  contained  by  any 
two  such  lines  is  called  the  angular  or  visual  distance  bi-tween  the 
objects,  Thus,  the  angular  distance  between  tie  objects  1  and  B,fig. 
iin.,  is  expressed  by  the  magnitude  of  the  angle  4  b  b  If  this 
angle  be  30°,  the  objects  are  siud  to  be  30°  asunder  It  is  evident 
from  this  that  all  objects  which  lie  in  the  direction  of  the  iame  lines 
will  be  at  tie  same  angular  distance  asunder  however  diffprent  their 
real  distance  from  each  other  may  be.  Thus  the  anfjOlar  distance 
between  A  and  B,^g.  377.,  ia  tiie  same  as  the  angular  distance 
between  A'  and  b', 

1182.  Vision  affords  no  direct  perception  of  bulk  or  form. — How 
suck  qualities  are  inferred. — Sight  does  not  afford  any  immediate  per- 
ception either  of  the  volume  or  shape  of  an  object.  The  information 
which  we  devive  from  the  sense,  of  the  balk  or  figure  of  distant 
objects,  is  obtidned  by  the  comparison  of  difFerent  impressions  made 
upon  lie  sense  of  sight  by  the  same  object  at  different  limes  and  in 
different  positions.  A  body  of  the  spherical  form  seen  at  a  distance 
appears  to  the  eye  as  a  flat  circular  disk,  and  would  never  be  known 
to  have  any  other  form,  unless  the  impression  made  upon  the  eye 
were  combined  with  other  knowledge,  derived  from  other  impressions 
through  sight  or  touch,  or  both  these  senses,  and  thus  supplied  the 
understanding  with  data  from  which  ■  the  real  figure  of  the  object 
could  be  inferred.  The  sun  appears  to  the  eye  as  a  flat,  circular  disk ; 
bat,  by  comparing  observations  made  upoa  it  at  different  times,  it  is 
ascertained  that  it  revolves  round  one  of  its  diameters  in  a  certain 
time,  presenting  itself  under  aspects  infinitely  varying  to  the  observer ; 
and  this  fact,  combined  with  its  invariable  appearance  as  a  circular 
disk,  proves  it  to  be  a  sphere;  for  no  body  except  a  sphere,  viewed 
in  every  direction,  would  appeal  circular. 

Although  we  do  not  obtain  from  the  sense  of  Mght  a  perception  of 
the  shape  of  a  body,  we  may  obtain  a  perception  of  the  shape  of  one 
of  ifst  sections.  Thus,  if  a  section  of  the  body  be  made  by  a  plane 
passing  through  it  at  right  angles  to  the  line  of  vision,  the  sight  sup- 
plies a  distinct  perception  of  the  shape  of  suoh  section.  Thus,  if  an 
egg  were  presented  to  the  eye  with  its  length  in  the  direction  of  the 
line  of  vision,  it  would  appear  oiroular,  because  a  section  of  it  made 
by  a  plane  at  right  angles  to  its  length  is  a  circle;  but  jf  it  were  pre- 
sented to  the  eye  with  its  length  at  right  angles  to  the  line  of  vision, 
it  would  appear  oval,  that  being  the  shape  of  a  section  made  by  a 
plane  posing  through  its  length. 

If  a  body,  therefore,  presents  iteelf  successively  to  the  eye  in  seve- 
^654 
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Till  different  positions,  wo  ol>tain  a  knowledge  by  tlia  sense  of  sigtt  of 
so  many  different  sections  of  it,  and  the  combination  of  these  sections 
may  in  many  cases  supply  the  reason  with  data  by  nbich  the  esaot 
figure  of  the  body  may  be  known. 

1183.  Visible  area. — As  the  torm  "  apparent  magnitnde"  is  used 
to  express  the  visual  angle  under  which  an  object  is  seen,  we  shall 
adopt  the  term  visible  area  to-espress  the  apparent  magnitude  of  the 
section  of  a  visible  object  made  by  a  plane  at  right  angles  to  the  line 
of  vision,  that  is  to  say,  to  the  lino  drawn  fi-om  the  eye  to  the  centre 
of  the  object. 

1184.  How  the.  shape  is  inferred  from  ligMs  and  shades. — Besides 
rccoivius  through  the  sight  a  perception  of  the  figure  of  the  seetioa 
of  the  object  wnich  forma  its  visible  area,  we  also  obtain  a  perception 
of  the  lights  and  shades  and  the  various  tints  of  colour  which  mark 
and  characterize  such  area.  By  comparing  tke  perception  derived 
from'  the  sense  of  touch  with  those  lights  and  shades,  we  are  enabled 
by  esperience  and  long  habit  to  judge  of  the  figure  of  the  object  from 
these  lights  and  .shades  and  liata  of  colour.  It  is  true  that  we  are 
not  conscious  of  this  act  of  the  understanding  in  inferring  shape  from 
colour  and  from  %ht  and  shade  j  but  the  act  is  nevertheless  per- 
formed by  the  mind.  The  (first  experience  of  inference  is  the  com- 
parison of  the  impressions  of  sight  with  the  impresMons  of  touch ; 
and  one  of  the  earliest  acts  of  the  mind  is  the  inference  of  the  one 
from  the  other.  It  is  the  character  of  ail  mental  acts,  that  their  fre- 
quent pel  form  j.nce  produces  an  unconsciousness  of  them;  and  hence 
it  IS  that  when  we  look  at  a  cube  or  a  sphere  of  a  uniform  colour, 
ilthough  the  impreaaon  upon  the  sense  of  sight  is  that  of  a  flat  plane 
vaiioualy  shaded,  and  having  a  ccrbun  outline,  the  mind  instantly 
substitutes  the  thing  signified  for  the  sign,  the  cause  for  the  effect; 
ind  the  conclusion  of  the  judgment,  that  the  object  before  us  ia  a 
■ipheie  or  a  cube  of  nniform  colour,  and  not,  as  it  appears,  a  flat  plaue 
variously  shaded,  is  so  instantaneous,  that  the  act  of  the  mind  passes 
unobserved. 

The  whole  art  of  the  punter  consists  in  an  mb  uate  praoti(,il  know 
ledge  of  the  relation  between  these  two  efiects  of  perception  f  sight 
aad  touch.  The  more  accurately  he  is  able  to  delineate  up  u  a  flat 
sttrface  those  varieties  of  light  and  shade  which  visible  bjects  imme- 
diately produce  upon  the  sense,  the  more  psact  will  he  his  delinea 
tJon,  and  the  greater  the  vraisemblance  of  his  [icture 

What  is  called  relief  in  painting,  is  nothing  m  re  than  the  esaet 
representation  on  a  flat  surfiice  of  the  varieti''s  of  light  and  shale  pr  j- 
duced  by  a  body  of  determinate  figure  upon  the  eye ,  and  it  is  ico  1 1 
ingly  found  that  the  flat  surface  variously  shaded,  produced  by  the  art 
of  the  painter,  has  upon  the  eye  exactly  the  same  effect  as  the  object 
itself,  which  ia  in  reality  so  different  from  the  coloui'ed  canvass  which 
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1185.  Fouler  of  perceiving  and  distinguishing  colours  improved 
by  exercise  mid  erperienee.  —  The  immediate  impressions  received 
from  the  senso  of  wght  are  those  of  light  and  colour.  The  impressions 
of  distance,  magnitude,  form,  and  motion,  are  the  mixed  results  of  the 
sense  of  Mghfc  and  the  experience  of  touch.  Even  the  power  of  dis- 
tinguishing colours  is  not  obtained  immediately  hy  vision  without 
BOiuo  cultivation  of  this  sense.  The  unpractised  eye  of  the  new-born 
infant  obtains  a  general  pereeption  of  light;  and  it  is  certain  that  the 
power  of  distinguisliing  colours  is  only  found  after  the  organ  has  been 
more  or  less  exercised  by  the  varied  impressions  produced  by  different 
lights  upon  it.  It  would  not  be  easy  to  obtain  a  summary  demon- 
stration of  tliis  proposition  from  the  experience  of  infancy,  nut  suffi- 
cient evideaob  to  establish  it  is  supplied  by  the  cases  in  which  sight 
lias  been  suddenly  restored  to  adults  blind  from  tleir  birth.  In  these 
cases,  the  first  impreasion  produced  by  vision  ia  that  the  objects  seen 
are  in  immediate  contact  with  the  eye.  It  ia  not  until  the  hand  is 
stretclied  forth  to  ascertain  the  absence  of  the  objects  seen  iiom  the 
space  before  the  eye  that  this  optical  fallacy  is  dissipated. 

The  eye  which  has  recently  gained  the  power  of  vision  at  first  can- 
not distinguish  one  colour  from  another,  and  it  is  not  until  time  baa 
teen  given  for  experience,  that  either  colour  or  outline  is  perceived. 

1186.  Of  certain  defects  in  vision. — Besides  that  imperfection  in- 
cident to  the  organs  of  sight  arising  from  the  excess  or  deficiency  of 
their  refractive  powers,  there  is  another  class  which  appear  to  depend 
upon  the  qoality  of  the  humours  through  which  the  light,  jjroceeding 
from  visible  objects,  passes  before  attaining  the  retina.  It  is  evident 
that  if  these  humours  be  not  absolutely  transparent  and  colourless,  the 
image  on  the  retina,  thongh  it  may  correspond  in  form  and  outline 
with  the  object,  will  not  correspond  in  colour;  for  if  the  humours  be 
not  colourless,  some  constituents  of  the  light  proceeding  from  the  ob- 
ject will  be  intercepted  before  reaching  the  retina,  and  the  picture  oa 
the  retina  will  accordingly  be  deprived  of  the  colpurs  thus  intercepted. 
If,  for  example,  the  humours  of  the  eye  were  so  constituted  as  to  in- 
tercept all  the  red  and  orange  rays  of  white  light,  white  paper,  or  any 
other  white  object,  such  as  the  sun,  for  example,  would  appear  of  a 
bluish-green  colour;  and  if,  on  the  other  hand,  the  humours  were  so 
constituted  as  to  intercept  the  blues  and  violets  of  white  light,  all 
white  objects  would  appear  to  have  a  reddish  hue.  Such  defects  in 
the  humours  of  the  eye  ai'e  fortunately  rare,  but  not  unprecedented. 

1187.  Curious  examples  of  defective  eyes.  —  Sir  David  Brewster, 
who  has  curiously  examined  and  collected  together  oases  of  this  kind, 
gives  the  following  examples  of  these  defects  : — 

A  singular  affection  of  the  retina  in  reference  to  colour  is  shown  in 
the  inability  of  some  eyes  to  distinguish  certain  colours  of  the  spec- 
trum.    The  persons  who  experience  this  defect  have  their  eyes  gene- 
rally in  a  sound  state,  and  are  capable  of  performing  all  the  most  delicat« 
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fimefions  of  vision.  TI  Harrin,  a  ■iljooniali.ci  at  All  nli^,  waa  unabla 
from  bis  infaucj  to  distinguish  the  chenieb  ot  a  iheiry  tiee  from  ita 
leaves,  iu  so  far  as  colour  was  cuacempd  Two  of  his  biothera  wcra 
equally  defective  in  this  lespeot,  and  always  mistook  orauge  for  grass- 
green,  and  light  green  fir  yclluw  Hairia  himself  could  only  distin- 
guish hlaok  and  white  BIi  Scott,  who  describes  his  own  case  in  the 
Philosophical  Transactions,  roKtook  pink  for  a  pale  hlue,  and  a  full 
red  for  a  full  green. 

All  kinds  of  jellcws  and  blues,  except  sky-blue,  he  could  diseeni 
with  great  nicety.'  Hi->  father,  his  maternal  uncle,  one  of  his  sisters 
and  her  two  sons,  had  all  the  same  defect 

A  twlor  at  Plymouth,  whooe  case  is  de=<ribed  by  Mr  Harvey,  re- 
garded the  BOiar  spectrum  as  consisting  only  of  yellow  and  light  blue; 
and  he  could  distinguish  with  certainty  only  yellow,  white,  and  green. 
He  regarded  indigo  and  Frusaian  blue  as  black. 

M.  E.  Tackcr  described  the  colours  of  the  spectrum  as  follows  :— 
hrowa 

Uiion  ■'  orongo 

Blue  '  pinl- 

Iniiiiro  "  purjle 

Violet  '  purple 

A  gentleman  in  the  prime  of  lifi,,  whoso  case  I  bad  occasion  to  ex- 
amine, saw  only  two  colours  in  the  apeotrum,  viz  yellow  and  blue. 
When  the  middle  of  the  red  space  was  ab'soib^d  by  a  blue  grass,  he 
saw  the  black  space  with  what  he  called  the  yellow  on  each  side  of  it. 
This  defect  in  the  perceptioa  of  colour  was  experienced  by  the  late 
Mr.  Dugald  Stewart,  who  could  not  perceive  any  difference  in  the 
colour  of  the  scarlet  fruit  of  the  Siberian  crab,  and  that  of  its  leaves. 
Dr.  Dalton  was  unable  to  distinguish  blue  from  pink  by  daylight ;  and 
in  the  soiar  spectrum  the  red  was  scarcely  visible,  the  rest  of  it  ap- 
pearing to  consist  of  two  colours.  M.  Troughton  had  the  same  de- 
feet,  and  was  capable  of  fully  appi-eciating  only  blue  and  yellow  colours ; 
and  when  he  named  colours,  the  names  of  blue  and  yellow  corre- 
sponded to  the  more  and  less  refrangible  rays ;  all  those  which  belong 
to  the  former  exciting  the  sensation  of  blueness,  and  those  which  be- 
long to  the  latter  the  sensation  of  yellowness. 

In  almost  all  these  eases,  the  different  prismatio  coloura  had  the 
power  of  exciting  the  sensation  of  light,  and  giving  a  distinct  vision 
of  objects,  excepting  iu  the  cise  of  Dr.  Dalton,  who  was  awd  to  be 
seaicoly  able  to  see  the  r  d  extiemity  of  the  spectrum 

Di  Dalton  eadea\oured  to  exphm  this  peculiaiit^  of  vision,  by 
Biippo'^ig  thit  in  lilt,  own  use  the  vitieoua  huinoui  was  blue,  and 
theii-foie  tbsuibcd  a  .^at  portion  of  the  led  and  other  least  reft'an- 
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gillie  rays;  but  tliia  opinion  is,  we  ttink,  not  well  fonuded.  Sir  J. 
Hcrsctcl  attributes  tliis  state  of  vision  to  a  defect  in  tke  eensorium, 
by  wliicli  it  ia  rendered  iiicap£d)le  of  appreciating  exactly  those  dif- 
fetenoea  between  rays  oa  wbiob  tkeiv  colour  depends. 
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1188.  Spectacles.  —  Tbeso  are  the  moat  sirnple  and  most  nsefal 
class  of  optical  instruments.  Tbej  consist  of  two  glass  lenses  mounted 
in  a  frame  so  as  to  be  conveniently  supported  before  the  eyes,  and  to 
lemedy  the  defects  of  vision  of  naturally  imperfect  eyes. 

Whatever  be  the  defects  of  sight  which  spectacles  may  be  used  to 
remove,  it  ia  evident  that  the  lenses  onght  to  be  so  mounted  that  their 
azes  shall  be  parallel,  and  that  their  centres  shall  coincide  with  the 
centres  of  the  pupils  when  the  optical  axes  are  directed  perpendicular 
to  the  general  plane  of  the  face,  that  is  to  aay,  when  tiie  eyes  look 
straight  forward. 

These  conditions,  though  important,  are  rarely  attended  to  in  the 
choice  of  spectacles.  If  spectacles  be  mounted  in  extremely  light  and 
flexible  frames,  the  lenses  almost  invariably  lose  their  parallelism, 
and  their  axes  not  only  cease  to  be  parallel,  but  are  frequently  in  dif- 
ferent planes.  Spectacles  onght  therefore  to  be  constructed  with 
miiunting  snfSciently  strong  to  prevent  this  derangement  of  the  axes 
of  the  lenses,  and  in  their  ori^nal  oonatmction  care  should  be  taken 
that  the  axes  of  the  lenses  be  truly  parallel. 

In  the  adaptation  of  spectacles  it  ia  necessary  that  the  distance  be- 
tween the  centres  of  the  lenses  shonld  be  precisely  equal  to  the  dis- 
tance between  the  centres  of  the  pupila.  The  clearest  vision  being 
obtained  by  looking  through  the  centres  of  the  lenses,  the  eyes  have 
a  constant  tendency  to  look  in  that  direction.  Now,  if  the  distance 
between  the  centres  of  the  lenses  be  greater  than  the  distance  between 
the  centres  of  the  pupils,  the  eyes  having  a  tendency  to  look  through 
the  centres  of  the  lenses,  their  axes  will  cease  to  be  parallel,  anci  will 
diverge  as  in  the  case  of  an  outsquint.  On  the  other  hand,  if  the 
distance  between  the  centres  of  the  lenses  be  less  than  the  distance 
between  the  centres  of  the  pupils,  there  will,  for  a  like  reason,  be  a 
tendency  to  produce  an  insquint. 

It  has  been  already  shown  that  the  pencils  most  free  from  aber- 
ration are  those  whose  axes  coincide  with  the  axis  of  the  lens,  and 
the  more  the  axes  of  secondary  pencils  deviate  from  this,  the  greater 
will  he  the  effects  of  aberration. 

658. 
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It  follows  f  h       h  p  IS 

produced  whe 

and  that  moi  aa    mp  q      vi 

thorn.     Perso       h  ptah  gta  hh 

when  those  wh       sigh    d  h 

11S9.  Per    op      p  — T    dm      h    his  in  oe 

the  late  Dr.    V     as  gg    ted    h  leuse 

oonvex  lenses       teddb  d  sewh 

equal  radii,  wh  h  h  d  b  y  u. 

For  persons  requiring  convergent  leijses  he  proposed  menisouses 
with,  the  concave  surface  next  the  e  je ;  and  for  persons  requiring  diver- 
gent glasses,  he  proposed  the  eonoavo -convex  lens,  wiUi  the  concave 
side  nest  the  eye.  The  effect  of  this  is  that  the  secondary  pencils 
have  leas  aberration  than  in  the  case  of  double  convex  and  double 
concave  lenses;  and,  consequently,  that  there  is  a  greater  freedom  of 
■vision  by  turning  the  eye  without  turning  the  head,  from  which  pro- 
perty they  were  named  periscopic  spectacles. 

1190.  Weak  sight  and  short  sight. — It  has  been  already  explained 
that  the  optical  defects  of  the  eye  which  are  capable  of  being  corrected 
by  lenses  placed  before  it,  are  either  a  deficiency  or  an  excess  of  their 
refractive  power.  Eyes  which  are  deficient  in  refractive  power,  and- 
■which  are  called  weaJc-sigkled  eyes,  are  those  which  are  not  capable 
of  converging  the  pencils  proceeding  from  visible  objects  at  the  usual 
distances  to  a  focns  on  the  retina.  '  Eyes,  on  the  other  hand,  which 
have  too  great  refractive  power,  bring  the  rajs  proceeding  from  visible 
objects  to  a  focus  before  they  come  to  the  retina,  and  are  called  short- 
sighted eyes,  because  objects  which  are  near  them  aie  distinctly  visible 
without  the  interpositdon  of  lenses, 

1191.  Spectacles  for  laeaJc-sigkted  eyes. — The  convergent  power 
of  the  lenses  necessary  for  weak-sighted  eyes  will  necessarily  be  de- 
termined by  the  degree  of  the  deficiency  which  exists  in  the  refractive 
power  of  the  eye.  If  the  eyes  be  capable  of  affording  distinct  vision 
of  objects  so  distant  that  the  rays  proceeding  from  them  may  be  re- 
garded aa  parallel,  they  will  be  capable  of  refracting  parallel  rays  to 
an  exact  focus  on  the  retina ;  but  if  they  are  so  feeble  in  their  re- 
fi'active  power  as  to  be  incapable  of  converging  rays  in 
degree  divergent  to  a  focus,  they  will  be  incapable  of  sei 
any  objects  whose  distances  from  the  eye  are  le^  than  from  iwo  to 
three  feet,  because  the  rajs  composing  the  pencils  from  such  objects 
have  a  divergence  which,  though  alight,  the  eye  is  incapable  of  sur- 
mounting, and  the  pencils  accordingly,  after  entering  the  eye,  converge 
to  a  focus  not  on  the  retina,  but  behind  it. 

Hence  we  find  that  persons  havingfeebly  refracting  eyes  are  obliged 
to  remove  a  printed  or  written  page  to  a  considerable  distance  from 
the  eye  to  be  able  to  read  it.     The  pencils  are  thus  rendered  parallel, 
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and  tterefore  such  as  the  eye  may  briog  to  a  focus  on  the  retina,  hut 
this  iDorease  of  distance  from  the  eye  is  attended  with  the  consequence 
of  rendering  the  light  proceeding  froto  the  ohject  more  feeble,  and 
often  too  feeble  to  produce  distinct  vision.  Hence  we  find  that  when 
weak-sighted  persons  hold  a  book  or  newspaper  which  they  desire  to 
read  at  a  eonadetable  distance  from  the  eye,  they  are  obliged  at  the 
same  time  to  place  a  candle  or  lamp  near  the  page  to  produce  an  illu- 
mination of  the  necessary  intensity. 

Smce  such  eyes  are,  according  to  the  supposition,  adapted  to  tlio 
refraction  of  paAllel  rays,  the  lenses  which  they  require  must  be  such 
aa  to  render  the  pencils  proceeding  from  the  objects  at  which  they 
look  parallel,  and  consequently  they  must  be  lenses  whose  focal  length 
is  equal  to  the  distance  of  the  objects  looked  at. 

Nothing,  therefore,  con  be  more  simple  than  the  rule  to  be  followed 
by  such  persons  in  the  selection  of  spectacles.  They  have  only  to 
.use  for  their  Bpeotacles  lenses  whose  focal  length  is  equal  to  the  dis- 
tance of  the  objects  which  they  desire  to  see  dJstinotiy;  and  if  they 
have  occasion  to  look  at  objects  at  different  distances,  as,  for  example, 
at  ten  and  at  twenty  inches,  they  ought  to  be  provided  with  different 
pMTS  of  spectacles  for  the  purpose,  one  having  a  focal  length  of  tea 
inches,  and  the  other  a  focal  length  of  twenty  inches.  When  they 
look  at  an  object  at  ten  inches  from  the  eye  with  spectacles  of  ten 
inches  focal  length,  the  rays  will  enter  the  eye  esaotly  as  they  would 
if  the  object  were  at  a  distance  of  several  feet  from  them;  and  those 
rays,  being  parallel,  will  be  refracted  to  a  focus  on  the  retina. 

It  may  he  asked,  in  this  case,  how  it  happens  that,  if  it  he  neces- 
sary for  such  persona  to  use  spectacles  having  a  focal  length  equal  to 
the  distance  of  the  object  at  which  they  look,  they  can,  nevertiieless, 
see  with  the  same  spectacles  distinctly  objects  at  distances  greater  or 
less,  within  certain  limits,  than  the  focal  distance  of  the  spectacles  ? 
The  answer  is,  that  this  arises  from  the  power  with  which  the  eye  is 
endued  to  adapt  itself  within  certain  Umifs  to  vision  at  different  dis- 
ts^noes,  as  has  been  already  explained. 

1192,  How  to  determine  the  refracting  power  of  weak-sighted 
eyes.  —  If  the  weakness  of  the  sight  be  such  that  the  eye  is  incapable 
of  bringing  even  parallel  rays  to  a  focus  on  the  retina,  it  will  be  ne- 
ceasai-y  to  use  convergent  lenses  even  for  the  most  distant  ohjeota. 
The  power  of  the  Ipnses  which  ate  necessary  to  reader  the  vision  of 
distant  objects  clear  ju  that  case  will  supply  means  of  calculating  the 
natural  convei-gent  power  of  the  eye ;  for  since  the  convergent  power 
of  the  lens,  together  with  the  natural  convergent  power  of  the  eye, 
bring  parallel  rays  to  a  focus  on  the  retina,  the  natural  convergent 
power  of  the  eye  will  be  equal  to  the  difference  between  the  oonver- 
cent  power  of  the  lens  and  the  convergent  power  of  an  eye  capable  of 
Eringing  parallel  rays  to  a  focus  on  the  retina. 

To  render  this  mora  clear  let^  be  the  focal  length  of  a  lens  which 
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is  eciuivalent  to  tha  refracting  power  of  an.  eye  ■wliioh  would  bring 
parallel  rays  to  a  focus  on  the  retina.  Let/'  be  tbe  focal  lengtt  of 
the  lens  which  is  aufScient  to  enable  the  defective  eye  to  bring  parallel 
raya  to  a  focoa  on  the  retina ;  and  lety  be  the  focal  length  of  a  lens 
optically  equivalent  to  tbc  defective  eye.     We  shall  then  have 


r'-r-r 

consequeatlj  wi 

;  shall  have 

1       1        1 

Eroin  this  condition  the  focal  length  of  the  eye  oan  be  found, 
its  reoiprooal  is  equal  to  the  difference  between  the  reciprocals  < 
focal  length  of  an  eye  adapted  to  parallel  rajs,  and  the  fooal  I 
of  the  lens  which  produces  clear  vision  in  the  defective  eye. 

length 

s  of  different  convergent  power  will  be 
necessary  when  near  objects  are  viewed;  for  in  tbia  case  the  pencils, 
having  more  divergence,  will  require  a  more  convergent  lens  to  aid 
the  eye  in  bringing  tliem  to  a  focus  on  the  retina.  Such  eyes,  there- 
fore, will  require  spectacles  of  different  powera  for  distant  and  near 
objects ;  and  if  the  power  of  the  eye  in  adapting  itself  to  different  dis- 
tances be  not  great,  it  may  even  be  advisable  to  provide  different 
spectaolea  for  near  objects  whiob  differ  in  tiieir  distance,  as  already 
eaplained  in  the  case  of  eyes  adapted  to  the  refraction  of  parallel 

1193.  Spectacles  for  near-sighted  eyes.  — To  determine  tbe  focal 
length  of  the  lens  which  will  enable  near-sighted  eyes  to  see  distinctly 
distant  objects,  it  is  only  necrasary  to  ascertain  the  distance  at  which, 
without  an  effort,  tbe  same  eyes  oan  see  objects  distinctly.  This  dis- 
tance determines  the  degree  of  divergence  of  tbe  pencils  which  the 
eyes  bring  to  a  foeus  on  the  retina.  If  diver^ng  lenses  be  applied 
before  the  eyes  whose  fooal  length  is  equal  to  this  distance,  such  lenses 
will  give  to  parallel  rays  proceeding  from  distant  objects  the  same  de- 
gree of  divergence  as  pencils  would  naturally  have  proceeding  from 
objects  whose  distance  is  equal  to  their  focal  length  j  consequently, 
according  to  tbe  suppoMtion,  the  eye  will  bring  such  rays  to  a  focus 
on  the  retina.  The  lenses,  therefore,  which  fulfil  this  condition,  will 
render  the  vision  of  distant  objects  with  eucb  eyes  as  distinct  as  would 
be  the  vision  of  objects  placed  at  a  distance  from  the  eyes  equal  to 
the  focal  length  of  tiie  lenses. 

If  tlie  excess  of  the  refractive  power  of  short-sighted  eyes  be  so 

great,  and  the  power  of  adaptation  to  varying  distances  so  small,  that 

flie  same  divergent  lenses  which  render  distant  objects  distinct  will 

not  render  objects  which  ate  near  tbe  eyes,  but  not  near  enough  for 

56  661 


<Ktoi..,Coo^lf 


192  LIGHT. 

distmot  vision  without  epeotaolea,  distinct,  then  1 
gent  power  must  be  used  to  produce  a,  distinct  vii 

Thus,  for  example,  suppose  the  case  of  ejes  s 
see  distinctly  objects  only  when  they  are  at  five  inchea  distance.  To 
enable  these  ejea  to  see  an  object  at  ten  inches  distance  distinctly,  it 
will  be  necessary  to  use  divergeat  lenses ;  but  these  lenses  must  have 
less  diverging  power  than  those  whict  reader  the  vision  of  distant 
objeeta  distinct,  because  the  same  lenses  whioh  would  give  the  neces- 
sary divergence  to  the  parallel  rays  which  proceed  from  distant  objects 
would  give  too  great  a  divergence  to  the  pencils  which  proceed  from 
an  object  at  ten  inches  distance 

1194.  Case  in  which  the  eyes  of  the  same  person  have  different 
refracting  powers.  —  la  the  selection  and  adaptation  of  spectacles,  it 
is  invariably  assumed  without  question,  that  the  two  eyes  in  the  same 
infcidual  nave  exactly  the  same  lefracting  power.  That  this  is  the 
case  is  evident,  from  the  fact  that  the  leases  provided  ia  the  same 
spectacles  have  invariably  the  same  focal  length. 

Now,  although  it  is  generally  true  that  the  two  eyes  in  the  same 
individual  have  the  same  refractive  power,  it  is  not  invariably  so ;  and 
if  it  be  not,  it  is  evident  tiiat  lenses  of  equal  focal  length  cannot  be 
at  once  adapted  to  both  eyes. 

"When  the  difference  of  th,e  refraclive  power  of  the  two  eyes  ia  not 
great  (whioh  is  generally  the  case  when  a  difference  exists  at  all), 
this  inequality  is  not  perceived.  By  an  instinctive  act  of  the  mind 
of  which  we  are  unaconsoious,  the  perception  obtained  by  the  more 
perfect  of  the  two  oyea  in  caae  of  inequaJitj-  is  that  to  which  our  at- 
'j  directed,  the  impression  on  the  more  defective  eye  not  being 


night  be  expected,  however,  that  the  inequality  would  become 
apparent  by  looking  alternately  at  the  same  object  with  each  of  the 
eyes,  closing  the  other ;  hut  it  ia  so  difficult  to  compare  the  powers  of 
vision  of  the  two  eyes  when  thoy  are  not  very  unequal  by  objects  con- 
templated at  different  times,  even  thoagh  they  should  be  exhibited  in 
immediate  succession,  that  this  method  fails. 

1195.  Appartdus  for  comparing  the  povier  of  vision  of  the  two 
eyes.  — My  attention  having  been  recently  directed  to  this  question, 
I  have  contrived  an  apparatus  which  may  not  inaptly  be  called"  an 
Opthalmomeler,  by  which  the  least  difierence  in  the  powers  of  the  two 
eyes  may  bo  rendered  immediately  apparent. 

The  principle  I  have  adopted  for  this  purpose  resemble  that  which 
has  been  otherwise  applied  with  success  in  photometers.  I  have  so 
arranged  the  apparatus,  that  two  similar  objeota  aimiJarly  ilhimiuated 
shall  be  at  the  same  time  visible  in  immediate  juxtaposition,  the  one 
by  the  right  eye  being  invisible  to  the  leili  eye,  and  the  other  by  the 
left  eye  being  invisible  to  the  right  eye. 

This  apparatus  oonaisfs  of  a  small  box  ABC  j>, Jig.  378.,  about  five 
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Fig,  378. 


wlAiL  A  u,  teE  incliea  in  length  A  b,  and  £Js  inches  in  height. 
Within  this  there  slides  another  box,  a'  b'  (f  i/, 
made  nearly  to  fit  it,  hnt  to  move  freely  withia 
it,  the  interior  of  this  box  being  blackened,  or 
lined  with  black  velvet.  In  the  end  B'  c'  is  a 
rectangular  aperture  MN,  the  length  of  which 
H  N  is  about  an  inch,  and  the  height  ahout  half 
an  inch;  the  length,  however,  being  capable  of 
being  augmented  and  diminished  by  slides.  Op- 
posite to  the  end  of  the  box  b  0  is  a  white 
screen,  on  which  is  traced  a  horizontal  line  pa- 
rallel and  opposite  to  the  opening  m  n,  and 
marked  with  a  divided  scale,  the  0  of  which  is 
opposite  to  the  centre  of  the  aperture  m  n,  and 
the  divisions  upon  which  are  numbered  in  each 
direction  from  0  by  1,  2,  3,"  4,  5,  6. 
Let  ua  suppose  the  eyes  now  applied  at  n  and  1.  Let  the  sliding 
interior  box  b'  c'  be  moved  until,  on  closing  the  left  eye,  the  division 
0  of  the  scale  coincides  with  the  edge  m  of  the  opening,  and  at  the 
same  time,  by  closing  the  right  eye,  the  same  division  0  of  the  scale 
ooinddes  with  the  edge  n  of  the  opening.  It  will  he  always  possible 
to  make  this  adjustment,  provided  the  eyes  are  placed  centi'ally  oppo- 
Mte  tiie  opening  M  N,  which  may  be  easily  managed  by  cutting  in  the 
od^  of  the  box  ad  an  opening  to  receive  the  bridge  of  the  nose. 
Tim  arrangement  being  made,  it  is  clear  that  if  we  close  the  left  eye 
we  shall  see  the  apace  upon  the  scale  included  by  the  lines  en  and 
R  M  continued  to  the  screen  a'  l'.  Let  us  suppose  this  space  to  in- 
clude the  six  divisions  of  the  scale  from  0  to  6.  If  we  close  the 
right  eye,  we  shall  see  with  fie  left  eye  the  sis  divisions  of  the  scale 
to  the  right  of  0.  Now  if  we  open  both  eyes  and  look  steadily  with 
them  through  the  aperture  M  N,  giving  no  more  attention  to  the  im- 
pression on  the  one  than  on  the  other,  we  shall  see  the  twelve. divisions 
of  the  scale,  six  to  the  right  and  six  to  the  left  of  0 ;  the  six  diviaons 
to  the  left  of  o  being  seen  only  with  the  right  eye,  and  the  six  divi- 
sions t«  the  right  of  0  being  seen  only  with  the  left  eye. 

In  this  way  we  have  two  similar  objects,  similarly  illnminated  and 
of  equal  magnitude,  in  immediate  juxtaposition,  the  one  seen  by  the 
right  and  the  other  by  the  left  eye ;  and  any  difference  in  their  dia- 
tjnotness,  quality,  brilliancy,  or  colour,  will  be  as  clearly  and  instantly 
perceivable  as  the  comparative  brilliancy  of  spaces  illuminated  by  two 
different  lights  in  the  photometer.  I  have  already  experimented  with 
this  apparatus  npon  my  own  eyes,  the  result  of  which  .is,  that  I  find 
that  the  sight  of  the  right  eye  is  much  better  than  that  of  the  left, 
the  figures  to  the  left  of  0  being  always  more  distinct  than  those  to 
the  right  of  it ;  but,  what  is  more  remarkable,  I  find  that  the  trans- 
parency  of  the  humours  of  the  right  eye  Js  more  perfect  than  that  of 
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tlia  Lumours  of  the  left  eye,  for  the  space  to  the  riglit  of  0  always 
appears  less  bright  than  the  space  to  the  left  of  it. 

1196.  Method  of  adapting  spectacles  io  eyes  with  unequal  powers 
of  vidon.  —  To  apply  this  instrument  for  the  purpose  of  adapting 
spectacle  lenses  to  eyes  of  unequal  powera  of  vision,  it  ia  necessary 
fii-at  to  ascertain  the  esistenoe  of  the  iBequality  of  power  in  tJie  man- 
ner already  explained.  It  would  then  he  necessr.ry  to  provide  two 
distinct  screeiM  on  which  similar  scales  might  be  drawn,  so  that  they 
might  be  placed  at  different  distances  from  the  aperture  m  n.  Let 
their  relative  dist-ancos  be  then  determined,  so  that  the  two  eyes  would 
see  the  scales  with  equal  distinctness.  These  distances  will  then  repre- 
sent tie  focal  lengths  of  the  divergent  lenses  which  it  would  be 
necessary  to  provide  for  the  eyes,  so  as  to  maie  them  see  different 
objects  with  eqaal  disfinctness. 

In  the  case  of  weai-aighted  eyes,  this  method  will  not  be  applicable. 
In  tliat  ease  let  the  two  screens  be  placed  at  equal  distances  from  the 
aperture  m  n,  and  let  lenses  he  selected  for  each  eye  separately,  cloang 
the  other,  so  as  to  ^ve  a  dislinot  perception  of  the  scales.  The  two 
lenses  being  then  simultaneously  applied  to  the  eyes,  let  the  scale  be 
viewed  with  both  eyes  open.  If  tlie  lenses  he  adapted  to  correct  the 
defect  of  vision,  the  two  parts  of  the  scale  to  the  right  and  to  the  left 
of  0,  seen  at  the  same  time  by  each  eye  alone,  will  appear  of  uniform 
brilliancy  and  distinctness. 

If  defective  eyes  were  tested  by  this  method,  I  believe  it  would  be 
found  that  inequality  of  vision  would  he  much  more  common  than  is 
generally  suppMed,  and  accordingly  the  adaptation  of  spectacles  would 
be  considerably  improved. 

1197.  Remarkohk  case  of  vision  defective  in  diferent  degrees  in 
different  dtrectiom.  —  Cases  occur  not  only  in  which  the  comparative 
powers  of  vision  of  the  two  eyes  difter,  but  in  which  the  power  of 
vision,  even  of  the  same  eye,  is  different  when  estimated  in  different 
directions. 

I  have  known  short-sighted  parsons  who  were  more  short-sighted 
for  objects  taken  in  a  vertical  than  in  a  horizontal  direction.  Thus 
with  them  the  height  of  an  object  would  he  more  perceptible  than  its 
breadth,  and  in  general  vertical  dimensions  more  cleatly  seen  than 
horizonal.  This  mfference  arises  from  the  refractive  power  of  the  eye 
taken  in  vertical  planes  being  different  from  the  refractive  power 
tahen  in  horizontal  planes ;  and  the  defect  is  accordingly  removed  by 
the  use  of  lenses  whose  curvatures,  measured  in  their  vertical  dh'ee- 
tioB,  is  different  from  their  curvature,  measured  in  their  horizontal 
dirfiotion.  The  lenses,  in  feet,  instead  of  having  spherical  surfaces, 
have  elliptical  surfaces,  the  eccentricities  of  which  corresponded  with 
the  variation  of  the  refractive  power  of  the  eye. 

1198.  Camera  Ittdda. — This  instrument,  the  invention  of  the  late 
Dr.  Wollaston,  has  proved  of  great  utility  in  the  arts,  presenting  a 
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roraai'liabla  facility  for  tracing  a  drawing  of  any  distant  olijcotg,  such 
as  a  building,  a  landscape,  &c. 

A  quadrangular  prism,  abc  d,Jig.  379,  having  a  riglit  angle  at 

h,  an  angle  of  135°  at  d,  and  angles  at  a  and  c  equal  to  67 i°,  is  sup- 

I  ported  on  a  vertical  pillar,  with  one  side 

.  ^^i  o  6  of  its  right  angle  horizontal,  and  the 

other  6  c  vertical. 

1  fr'Mt^'^  ^^  ""  ^^i^^  ^^  placed  at  a  distance  oppo- 

,f  ^^^K^  Bite  b  c,  the  rays  proceeding  fi-oni  it  will 

^^plyAfl  enter  the  prism  in  the  direction  x  r,  and 

iP*^^S„mI  will  fall  upon  the  suvfiiee  J  c  so  aa  to  make 

o  quently  the  angle  of  incidence  with  the  sur- 

Fig,  379,  face  d  e  is  67^°.    This  angle  being  greater 

than  the  limit  of  transmission  from  glass 
into  air,  the  light  will  be  reflected  irom  r,  making  the  angle  drr' 
equal  to  the  angle  era;;  consequeotly,  it  will  fal!  upon  the  surface 
d  t3  at  an  angle  of  incidence  of  67J°,  and  wOl  therefore  be  again 
reflected  from  r',  mailing  the  angle  ar' p  equal  to  22i°.  The  ray 
will  thus  fall  upon  the  surface  a  b  perpendicularly,  and  will  pass 
through  without  further  refraction.  An  eye  placed  at  p  would  there- 
fore see  the  object  from  which  the  original  ray  x  r  had  proceeded  in 
the  direction  p  r',  and  the  same  being  true  of  all  rays  proceeding  from 
the  object,  au  image  of  the  object  will  be  seen  hy  an  eye  presented 
downwards  over  the  prism  at  a. 

If  a  sheet  of  white  paper  be  placed  upon  the  table  which  supporta 
the  prism,  an  eye  placed  at  p  will  see  a  picture  of  the  object  projected 
upon  the  paper;  and  if  the  eye  be  placed  so  close  to  the  edge  a  of  the 
prism  that  while  it  sees  the  picture  projected  upon  the  paper  it  also 
sees  the  paper  directly,  the  observer  will  be  able  to  trace  widi  a  pencil 
an  outline  corresponding  with  the  picture,  for  while  the  picture  is  seen 
through  the  prism,  the  point  of  the  pencil  is  directed  upon  the  paper 
so  seen  directly  outside  the  edge  of  the  prism. 

The  use  of  this  instrument  requires  some  dexterity  obtained  by 
practice ;  but  when  the  necessary  skill  is  acquired,  its  use  Is  sunple 
and  effectual, 

1199,  Camera  obscura. — It  has  been  already  explained,  that  if  an 

object  be  placed  before  a  converging  lens,  at  any  distance  greater  than 

the  focal  length,  a  real  image  of  the  object  will  be  formed  on  the  other . 

Ifthl  tthpot  plngtoa  position  of  the  focus 

]  g  t    t    th     hj    t     If  th     hi    t     s  is  generally  the  case,  be  so 

d        tthtp       Ityp         Ig  fi-om  it  to  &ie  lens  may  be 

11      p     11  1  th    1       w  It  th      f  rm  a  picture  of  the  object  at 

]   U        fr  m    t  eq    I  to    t    f     1  1    gth.     If  a  white  screen  be 

1 1     d    t  ngh       gl     to  th     XI     f  tl     lens,  and  at  the  distance  at 

h  h  th        a„        f        d  th        as   will  be  depicted  upon  it  witn 
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its  proper  form,  and  colours  j  and  if  arra,ngementa  were  provided  by 
which  a  draughtsman  could  have  access  to  the  image  thus  formed  on 
the  screen,  he  woull  1     enabled  to  trace  its  outline. 

To  obtain  the  nece«=ary  convenience  and  facilities  for  accomplishing  ^ 
this  airangenienfs  are  neeesearj  by  which ; 
all  other  light  should  be  escluded  except' 
that  which  forma  the  picture,  and  that  the 
po^tlDn  of  the  screen  or  paper  on  whioh 
the  \  Uuie  is  formed  should  be  snob  as 
m^y  be  conTeniect  for  the  operator,  and, 
in  fane  so  that  the  person  of  the  operator 
miy  aot  intercept  the  rays  forming  the 
pict  ue  These  objects  are  attained  by 
different  arrangements,  one  of  the  most 
Bimileof  whiohisreprteentediojfig'.  380. 
Tho  lens  L  is  placed  in  the  centre  of 
the  t  p  of  a  rectangular  box,  whose  height 
t.oriesponds  with  the  focal  length  of  the 
lena  whose  bottom  forms  a  desk  upon 
which  the  draughtsman  works,  and  in  the 
silo  of  which  is  an  opening  through  which 
he  mty  inlroduoe  hia  Lead  and  arms,  over 
I  so  that  while  it  includes  his  person  it 
A  plane  reflector  A  B  is  placed  above  the 
Q  hinges.  It  is  capable  of  being  adjusted  by 
a  handle,  which  descends  into  the  bos,  so  that  the  operator  may  Kuse 
and  lower  it  until  the  picture  is  thrown  in  a  proper  position.  Means 
iire  also  provided  by  which  the  lens  L  and  the  mirror  A  B  can  be 
moved  round  their  centre  so  as  to  receive  any  required  direction. 
The  lena  L  is  adjusted  in  a  sliding  tube,  by  which  the  focus  can  be 
brought  exactly  to  correspond  with  the  surface  of  the  paper. 

The  oblique  mirror  A  b  and  the  lens  l  may  be  rephwed  by  a  prism 
with  curved  faces,  such  as  that  represented  in 
The  face  of  the  prism  a  c,  at  which 
the  1  lys  first  enter,  is  convex,  by  which  the  rays 
are  made  to  converge ;  they  then  fall  upon  the 
plane  side  a  6,  by  wtieh  they  are  reflected,  and 
pa93  through  the  curved  side  c  l,  by  which  they 
aie  again  refracted.  The  ourvatures  of  the  two 
sides  a  c  and  c  b  may  be  related  in  any  required 
maimer,  so  that  their  convergent  powers  may  be 
Fig.  3S1.  equivalent  to   that  of  a  lens  of  any  proposed 

focal  length, 
Strictly  speaking,  the  picture  of  distant  objects  may  be  formed  free 
)m  spherical  aberration,  if  the  surface  of  the  paper  form  the  surface 
a  sphere  of  which  the  optical  centre  of  the  lena  is  tJie  centre.    This 


Fig.  380. 

which  a  curtain 
may  exclude  the 
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i  accomplisted  by  throwing  tbe  picture  u]jon  a  i-oacvte 
Burface  formed  of  plaster  of  Paris,  wlwse  centie  coirc^ponds  with  that 
of  the  !eii8. 

The  phenomena  exhibited  by  this  instrument  are  rendered  especially 
pleasing,  iaasmuoh  as  it  exhibits  not  only  a  picture  of  the  external 
scenery,  hut  ahowa  all  the  objects  ia  motion  upon  it  as  in  the  real 
scene.  Thus  carriages,  horses,  and  pedestnaiis,  appear  with  their 
proper  motion,  the  leaves  tremble  on  the  trees,  and  tiie  smoke  curls 
from  the  chimney. 

The  opening  at  which  the  observer  is  placed,  ought,  of  course,  to 
he  at  that  ade  of  the  bos  at  which  the  picture  appears  erect. 

1200.  The  magic  lantern.  —  The  magio  lantern  is  an  instrument 
adapted  for  exhibiting,  on  an  enlarged  scale,  pictures  painted  in  trans- 
parent colours  on  glass,  by  means  of  magnifying  lenses,  by  which  the 
rays  proceeding  from -the  picture,  after  being  transmitted,  are  brought 
to  a  focus  at  a  distance  from  it  upon  a  screen.  The  position  of  fflie 
screen  and  that  of  the  picture  are  conjugate  foci,  and  their  hnear 
dimensions  are  in  the  proportion  of  their  distances  from  the  lens.  In 
proportion  as  the  picture  approaches  the  lens,  the  image  formed  on 
the  screen  recedes  from  it,  and  consequently  becomes  more  magnified. 
These  instruments  vary  in  their  form,  according  («  the  circumstancea 
mider  which  they  are  placed,  and  the  cost  expended  on  their  con- 
struction. 

They  are  usually  arranged  as  represented  in  fg.  382.  A  lamp  I. 
is  included  in  a  dwk  lantern ;  behind  it  m  placed  a  metallic  reflector 


M  X,  and  before  it  a  large  conTerging  lens  a,  usually  plauo-conves 
A  groove  is  provided  in  the  nozzle  of  the  lantern,  at  o  d  to  e 

the  pictui'es,  which  are  called  sliders,  in  consequence  of  b     g  si     es 
sively  passed  in  and  out  of  tJie  groove  o  n. 

The  colours  in  which  they  are  painted  and  prepared  are  tr  n  pa    nt 
gums,  so  that  the  light  which  passes  tbrongh  tbem  may  ha  e     rr 
spending  colours.     The  magnifying  lens  b,  which  is  also  an     g  nt 
lens,  is  set  in  a  tube,  which  slides  in  that  which  forms  the  fis  d  n  zzle 
b2  ^     667 
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of  tte  laiitarn,  aud  can  be  moved  to  nnd  from  the  picture  ■with  a  mo- 
lioQ  like  that  of  a  telescope  or  opei'a-gls^s.  The  light  proceeding 
directly  from  tlie  lamp  L,  and  that  which  is  reflected  By  M  N  passing 
through  the  leos  A,  which  is  called  the  illuminating  lens,  is  made  to 
converge  upon  the  picture  placed  in  the  groove  0  D,  so  as  to  produce 
an  equal  illumination  of  every  part  of  it.  The  light  which  thus  pro- 
ceeds from  the  picture  being  received  hy  the  cotivergent  lens  e,  is 
brought  to  a  focus  on  a  screen  e  r,  the  screen  being  placed  at  such  a 
distance  from  B  as  to  correspond  with  the  focus  conjugate  to  that  of 
the  picture.  We  are,  therefore,  to  consider  the  slider  as  placed  in  the 
focus  of  incident  rays,  and  the  screen  in  the  focus  of  refracted  rays. 
If  the  tube  B  be  pushed  in  so  that  the  lens  be  brought  nearer  to  the 
picture,  the  screen  must  be  moved  to  a  greater  distance,  since  by  what 
has  been  already  established,  according  aa  the  distance  of  the  focus  of 
incident  rays  from  the  lens  b  appreaches  to  equality  with  its  focal 
length,  the  conjugate  focus  must  recede  from  it.  The  magnifying 
power  of  the  lantern  is  measured  hy  dividing  the  height  of  the  picture 
formed  on  the  screen  by  the  height  of  the  picture  formed  on  the 

Thus,  if  the  slide  be  two  inches  and  a  half  wide,  and  the  picture 
formed  on  the  screen  be  twenty-five  inches  bigh,  then  the  magnifying 
power  will  be  ten.  The  picture  may  be  either  viewed  by  spectators 
placed  before  the  screen  or  behind  it.  In  the  former  case,  the  screen 
must  be  formed  of  some  material  which  is  not  penetrable  by  the  light; 
in  the  latter  case,  it  must  be  semi-transparent. 

The  best  surface  for  exhibiting  such  pictures  to  spectators  placed 
^in  front  of  the  screen,  is  white  paper  or  pasteboard.  To  exhibit  them 
to  the  spectator  placed  on  the  oliier  side  of  the  screen,  it  is  usual  to 
prepare  the  scieen  with  fine  was,  so  as  to  stop  all  its  pores,  and 
prevent  the  dueot  tmnsmi'ision  of  light.  In  tiiis  case,  the  screen 
being  semi  transjarent,  the  piUure  formed  on  the  side  next  the  lan- 
tern is  visible  on  the  othei  side,  just  as  it  would  be  through  a  plate 
of  ground  gla&fl 

Since,  howevei  at  leist  one  half  the  light  which  ialls  on  the  screen 
is  reflected  fiom  it  in  the  diiectiin  of  the  lanteni,  the  pictures  thus 
formed  are  never  so  vivid  as  those  which  are  produced  upon  a  properly 
prepared  opaque  screen. 

Since  the  light  which  forms  the  picture  on  the  screen  is  in  all  cases 
that  which  proceeds  from  the  picture  on  the  slider,  it  is  evident  that 
the  greater  the  magnifying  power  used,  the  less  intense  will  be  the 
brilEancy  of  the  picture.  W  hether  the  picture  on  the  screen  be  great 
or  small,  the  same  quantity  of  light  will  be  diffused  over  it,  being  the 
light  which  proceeds  from  the  picture  on  theislider.  This  light,  there- 
fore, wiU  be  less  intense  in  the  same  proportion  as  the  magnitude  of 
the  picture  on  the  screen  is  increased.  If,  therefore,  the  picture  on 
the  screen  be  ten  times  the  height  of  the  picture  on  the  slider,  its 
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brillianoy  will  be  a,  hundred  times  leas  than  the  brillianoy  of  the  pic- 
ture on  the  slider. 

1201.  Phantasmagoria.  —  When  the  pictures  produced  by  a  nm^o 
lantern  are  shown  through  a  transparent  scroeu  not  visible  to  the 
spectator,  thej  may  be  made  to  vaij  in  magnituile,  griidualJy  increas- 
ing and  gradually  dimimsiiing,  by  moving  the  light  to  or  from  the 
Sd'een,  and  at  the  same  time  moving  tJie  leaa  B  proportionally  from 
or  to  the  slider.  In  this  case  the  effect  produced  on  the  spectators  is 
that  of  an  object  approaching  to  or  receding  from  them;  the  change 
of  apparent  magnitude  which  the  piclare  undergoes  being  imputed  to 
a  change  of  distance  in  the  object.  When  the  picture  diminisheB,  it 
is  supposed  to  recede  from  the  eye,  and  when  it  increases,  it  is  sup- 
posed to  approach  the  eye.  Various  effects  of  this  kind,  combined  by 
means  of  different  lanterns  used  at  the  same  time,  are  called  Phan- 
tasmagoria. 

1202.  Dissolving  views.  —  The  eshibition  called  Dissolving  Views 
is  produced  by  placing  two  lanterns  of  equal  power  so  as  to  throw 
pictures  of  equal  magnitude  in  the  same  position  on  the  same  screen. 

A  sliding  shutter  ia  placed  upon  the  noaale  of  each  lantern,  and  the 
two  shutters  are  moved  simultaneously,  in  such  a  manner  fiat  when 
the  nozzle  of  one  lantern  is  open,  that  of  the  other  is  completely  closed; 
and  according  as  the  nozzle  of  the  former  is  gradually  closed,  that  of 
the  latter  is  gradually  opened. 

Let  us  suppose,  tten,  tiiat  two  slides  are  placed  in  the  lanterns,  one  re- 
presenting a  landscape  by  day,  and  the  other  representing  precisely  the 
sajne  landscape  by  night ;  and  let  the  noazle  of  that  which  contains 
the  landscape  by  day  be  open,  the  other  being  closed,  the  picture  on  the 
screen  will  then  represent  the  landscape  by  day.  K  the  slides  be  now 
slowly  moved,  the  nozzle  of  the  lantern  which  shows  the  day  landscape 
will  begin  gradually  to  close,  and  tliat  which  shows  the  night  landscape 
will  gradually  open.  The  effect  will  be,  that  the  daylight  will  gradu- 
ally decline  upon  the  picture,  and  the  objecta  represented  will  assume 
by  slow  degrees  the  appearance  of  approaching  night.  This  gradual 
change  will  go  on  until  the  uozale  of  the  lantern  contwning  the  day 
picture  is  completely  closed  and  that  containing  the  night  pictui'e  com- 
pletely open,  when  the  change  from  day  to  night  will  have  oeen  cempleted. 

Various  other  effects,  familiar  to  those  who  have  witnessed  phan- 
tasmagoric exhibitions,  are  produced  by  combining  two  or  more  magio 
lanterns.  Thus,  for  example,  the  picture  of  a  castle  with  a  portcullis 
and  drawbridge  is  exhibited.  The  portcuHis  rises,  and  a  knight  in 
armour  on  horseback  issues  irom  it  and  crosses  the  drawbridge.  The 
opening  of  the  portcullis  is  in  this  case  produced  by  a  movesbie  plate 
attached  to  the  slider  representing  the  castle,  and  the  figure  of  the 
knight  is  produced  by  means  of  a  second  lantern,  so  skillfully  ma- 
naged as  to  throw  the  image  of  the  knight  upon  the  screen,  and  to 
move  it  so  as  to  cross  the  drawbridge. 

H, .GikM- 
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'1203.  Simple  microscopes.  —  If  the  eje  posseted  tlie  faculty  of 
inoveasing  its  convergent  power  without  limit,  it  would  he  capahle  of 
Tondering  itself  mici-osoopic,  and  of  perceiving  acouratelyand  distinctly, 
without  artificial  aid,  the  most  minute  ohjecta. 

It  has  heen  already  shown  that  the  apparent  magnitude  of  aa  ohjeot, 
measured  by  the  angle  it  suhtends  at  the  eye,  varies  inversely  as  llie 
distance  at  which  the  ohject  is  viewed.  It  therefore  follows,  that  aa 
we,  approach  an  object,  its  apparent  magnitude  increases  in  the  same 
proportion  as  its  distance  from  the  eye  is  diminished.  Now  if  there 
were  no  circumstance  to  prevent  the  eye  from  seeing  distinctly  an  ob- 
ject at  any  distance,  however  email,  we  could  see  it  with  any  apparent 
magnitude,  however  great,  by  merely  bringing  it  close  to  the  eye. 
Tha?,  if  an  insect  placed  at  six  inches  from  the  eye  be  seen  witli  a 
certain  apparent  magnitude,  it  will  be  seen  with  t«n  times  that  appa- 
rent magnitude  at  a  distance  of  f'sths  of  an  inch,  and  with  a  hundred 
tdmes  that  apparent  magnitude  at  the  distance  of  yastha  of  an  inch; 
and  so  on. 

But  while  the  eye  approaches  to  any  object,  tie  divergence  of  the 
pencils  of  light  proceeding  from  each  point  of  this  object  and  pac- 
ing through  the  pupil,  increases  exactly  in  the  same  proportion  as  the 
distance  of  the  eye  from  the  object  is  diminished.  At  half  the  dis- 
ta,Dce  the  pencil  would  have  double  the  divergence,  and  at  one-tenth 
of  the  distance  it  would  have  ten  times  the  divergence;  and  so  on. 
Now  in  order  to  obtain  distinct  vision  of  an  objeo^  it  is  not  enough 
that  the  picture  on  the  retina  be  large.  It  is  necessary  also  that  the 
pencils  proceeding  from  the  various  points  of  the  object  should  be 
"c  retina.  Now  the  more  divergent 
be  the  refracting  power  neeess-irr 
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an  object,  to  mcrease  its  converging  powei  in  the  same  proportion  as 
its  distaiice  from,  the  ohject  is  diminished,  we  should  then  enable  it  to 
see  such  object  disthictly,  however  diminished  its  distance  from  the 
eye  might  be ;  and  we  Rhould  eoaseqnently,  by  the  same  means,  obtain 
a  picture  on  the  retina  at  once  magnified  and  distinct. 

Now  this  object  is  attained  by  the  simple  microscope,  which  is  ■ 
nothing  more  than  a  convergent  lens  applied  between  the  eye  and  the 
object,  the  effect  of  which  ia  to  cause  the  pendlB  of  rays  which  diverge 
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from  tie  Beveral  points  of  tlie  obj  1 1  t  tl  ]  p  I  th  a  degree 
of  divergence  so  much  dimiaished  t  bl  th  j  t  b  ng  tbein 
to  a  foeus  on  the  retina.  It  laust  b  m  mb  1  th  t  nvergent 
lens  placed  at  a  distance  equal  to  it  f  11  gtb  f  th  f  wus  of  a 
divergent  pencil  renders  the  rajs  of  li  pe  1  p  all  1  thus  destroy- 
ing altogether  their  divergence. 

1204.  HoU!  simple  microscopes  ad  pt  d  t    djf       t  eyes.  — 

If  such  a  lens  be  applied  at  a  still  1  d  t  ce  th  th  focal  length 
from  the  focus  of  a  divergent  pen  I  to  ff  t  w  1!  I  t  altogether 
to  destroy,  but  merely  t*  diminish  th    d       g  f  th       js  of  the 

pencil. 

Now  some  eyes,  such  as  those  6s\leA  far-sighled,  are  adapted  tti  the 
reception  of  parallel  rays,  vrhich  they  bring  without  effort  to  a  focus 
on  the  retina.  Others,  called  near-sighted,  are  adapted  to  the  recep- 
tion of  rays  more  or  less  diyergent,  which  they  bring  to  a  focus  on 
the  retina.  A  convergent  lens  placed  between  the  eye  and  an  object 
near  it  may,  in  either  cose,  be  so  adapted  as  to  bring  the  rajs  diverg- 
ing from  the  points  of  sach  object  to  a  focus  on  the  retina,  and  there- 
fore to  afford  clear  vision  of  it. 

If  the  eye,  for  example,  be  far-sighied,  and  therefore  adapted  to 
the  reception  of  parallel  rays,  the  lens  must  be  held  at  a  distance  from 
the  object  equal  to  ita  focal  length,  in  which  case  the  pencils  diverg- 
ing from  the  various  points  of  the  object  will  be  parallel  aft«r  pars- 
ing through  the  lens,  and  will  therefore  be  brought  to  a  focus  on  tlie 

If  the  eye  be  near-sightp,d,  so  as  to  be  adapted  to  rays  more  or  less 
divergent,  then  tie  lens  must  be  placed  at  a  distance  from  the  object 
less  than  its  focal  length,  and  the  distance  must  be  regulated,  which 
it  always  may  be  by  trial,  so  that  the  rays  of  the  pencil,  after  passing 
through  it,  shall  have  just  that  degree  of  divergence  which  will  enable 
the  eye  to  bring  them  to  a  focus  oa  the  retina, 

The  more  short-sighted  the  eye  is  in  this  case,  the  greater  will  be 
the  divergeace  with  which  tlie  rays  will  eater  it,  aad  conseqnently  the 
nearer  to  the  object  the  leas  must  be  brought.  The  apparent  mag- 
nitude, therefore,  of  an  object,  when  seen  through  a  single  conver^ng 
leas,  is  equal  to  the  apparent  magnitude  wtidi  it  would  have  if  the 
eye  could  view  it  at  the  same  distance  without  the  intervention  of  any 
lens  J  and  irom  what  has  been  just  explained  it  follows  that  the  same 
lens  will  ^ve  a  greater  apparent  magnitude  to  aa  object  to  a  near- 
slghtod  than  to  a  iar-sighted  person,  aad  the  more  near-sighted  the 
eye  is,  the  greater  will  be  the  apparent  magnitude  of  the  object  seen 
through  the  lens. 

1205.  Magnifying  power  explained. — The  term  magnifying 
power,  as  applied  to  a  microscope,  is  one  which,  in  its  ordinary  appli- 
cation, is  generally  vague  and  uncertain.  It  has  in  all  cases  a  relative 
Fignifioation,  the  object  viewed  bemg  said  to  be  magnified  or  increased 
671 
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in  magrutuJe,  in  comparison  witli  tte  apparent  magnitude  wliioB  it 
would  have  if  viewed  witiout  the  interposition  of  a  lens.  But  since 
the  eje  is  capable  of.  obtaining  diatinot  vision  of  the  Bame  object  at 
different  distances,  it  is  capable  of  seeing  the  same  object  with  dif- 
ferent apparent  magnitudes. 

To  ^ve  a  distinct  meaning,  therefore,  to  the  term  magnifying  power, 
it  is  neoeesaty  to  state  what  is  the  standard  magnitude  with  which  the 
efiect  of  tie  lens  is  to  be  compared. 

This  standard  is,  or  ought  to  be,  the  greatest  apparent  magnitude 
uuder  which  the  object  is  capable  of  being  distinctly  seen  by  an  eye 
without  the  interposition  of  a  lens.  But  here  a  distinction  becomes 
necessary.  The  greatest  apparent  magnitude  under  whicli  a  given 
object  can  be  seen  by  one  person  is  not  the  same  as  the  greatest  appa- 
rent magnitude  under  which  it  can  be  seen  by  another.  The  greatest 
apparent  magnitude  under  which  an  object  appears  to  a  short-sighted 
eye,  which  can  obtain  a  clear  perception  of  it  when  viewed  at  five 
incliea'  distance,  is  greater  than  the  greatest  apparent  magnitude  un- 
der which  it  can  be  seen  by  a  lon^-sighted  eye,  which  is  not  capable 
of  obtsuning  a  clear  perception  of  it  at  a  less  distance  than  ten  inches. 
It  is  evident,  therefore,  that  the  magnifying  power  of  a  given  micro- 
scope applied  to  the  eye  of  the  one  person  will  be  different  from  its 
magnifying  power  appUed  to  the  eye  of  the  other. 

Ill  general,  however,  it  may  be  stated  that  the  apparent  magnitude 
of  an  object  seen  through  a  simple  microscope,  is  so  many  times 
greater  than  the  apparent  magnitude  of  the  same  objeot  seen  at  any 
distance  at  which  distinct  vision  can  be  obtained,  as  the  latter  disb 
is  greater  than  the  distance  of  the  object  from  the  microscope. 

Thus,  if  an  object  which  cannot  be  distinctly  seen  at  a  less  di 
than  eight  inches  be  made  distinctly  visible  at  the  distance  of  one 
inch  by  the  inteiposition  of  a  convergent  lens,  the  magnifying  power 
of  such  lens  to  the  eye  which  thus  views  the  object  is  eight  times, 
inasmuch  as  the  angle  subtended  by  the  objeot  at  the  distance  of  an 
inch  is  eight  times  that  which  it  would  subtend  at  the  distance  of 
eight  inches. 

1.206.  Apparent  brightness  is  diminisJisd  as  tlie  square  of  Ike 
magnifying  power  is  iitcreased.  —  What  has  been  stated  respecting 
the  brilliancy  of  a  picture  thrown  upon  a  screen  by  a  magic  lantern, 
is  equally  applicable  to  the  brilliancy  of  the  image  of  an  objeot 
formed  on  the  retina  either  by  means  of  the  naked  eye  or  by  the  in- 
terposition of  a  convergent  lens.  The  light  diffused  over  such  a  pic- 
ture, can  only  be  that  which  is  transmitted  from  the  objeot,  and  it 
follows  that  the  larger  the  picture  the  less,  proportionally,  will  be  its 
brillianoy;  and  in  this  case  it  must  be  remembered,  that  the  area  of 
the  picture  is  increased  in  proportion  to  the  square  of  the  magnifying 
power  Thus,  if  the  magnifying  power  be  four,  the  height  or  dia- 
meter of  the  pioture  on  the  retina  formed  by  the  lens  will  be  four  times 
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the  height  or  diameter  of  the  picture  formecl  oa  the  rotina  without 
the  leus.  But  if  the  height  ov  diameter  he  increased  in  a  fonir-fold 
proportion,  tJie  area  of  the  picture  will  be  increased  in  a  Bizteen-fold 
proportion,  and  the  light  wMoh  was  before  diffused  over  the  smaller 
area  will,  by  means  of  the  lens,  be  spread  over  an  area  sixteen  times 
greater,  and  consequently  the  brilliancj  of  the  image  will  be  sixteen 
times  less. 

If  it  be  desired  that  the  magnified  image  of  an  object  produced  hy 
a  microscope  should  have  the  same  biilliancj  as  the  object  itself  has 
when  viewed  without  a  microscope,  it  would  be  necessai'j  to  illumi- 
nate the  object,  when  viewed  through  the  microscope,  witli  light  of 
an  intensity  proportioaal  to  the  square  of  the  magnifying  power. 
Thus,  if  a  magnifying  power  of  four  were  used,  the  image  cannot 
have  the  same  intensity  of  illumination  as  the  object,  unless  it  be 
illuminated  with  light  of  sixteen  Uraca  the  intensity. 

1207.  Compoum  microscope.  —  Witli  the  »mp!e  miorosoope  the 
,  object  itself  is  viewed  directly  by  the  eye,  but  at  a  less  distance  than 
would  be  compatible  with  distinctness  of  vision  without  the  interposi- 
tion of  the  lens.  It  is,  however,  sometimes  necessary  to  submit  to 
microscopic  observation  objects  so  minute  that  practical  difSoulties 
would  arise  in  viewing  them  with  simple  lenses  of  auf&ciently  small 
focal  length  to  produce  the  requisite  magnifying  effect.  In  such  cases, 
instead  of  submitting  the  object  itself  to  immediate  observation  by 
means  of  the  wmple  microscope,  an  optical  image  of  it  is  produced 
by  means  of  oonvergeiit  lenses  or  concave  reflectors. 

The  image  thus  formed  may,  according  to  the  principles  already 
established  (Chap.  X.),  be  rendered  larger  in  aay  desired  proportion 
than  the  object,  and  may,  therefore,  be  viewed  with  a  simple  micro- 
scope of  proportionally  less  magnifying  power.  Thus,  for  example, 
if  an  image  of  a  minute  object  be  produoed,  having  linear  dimensions 
ten  times  greater  than  those  of  the  object,  and  if  such  image  be 
viewed  by  a  simple  microsoopa  whose  magnifying  power  is  twenty,  the 
object  will,  by  such  a  combination,  be  magnified  two  hundred  times; 
for  the  image  which  forms  the  immediate  object  of  examination  with 
the  simple  microscope  has  ten  times  the  linear  magnitude  of  the 
object,  and  is  itself  magnified  twenty  times  by  the  simple  miorosoope. 

A  compound  mici-oscope  consists,  then,  of  such  a  combination.  If 
the  image,  which  is  the  immediate  object  of  obaei-vation  be  formed 
by  lenses,  the  microscope  is  called  a  compound  refracting  microscope, 
and  if  it  be  formed  by  a  concave  reflector  it  is  called  a  compound 
reflecling  microscope. 

The  form,  dimensions,  and  power  of  compound  microscopes  are 
infinitely  various,  according  to  the  purposes  to  which  they  are  applied, 
to  the  exigencies  of  the  observer  for  whose  use  they  are  intended,  and 
to  the  taste  and  ability  of  their  constructors. 

The  principles  common  to  all  refracting  microscopes,  which  are 
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more  generally  used  than  reflectors,  may  be  more  clearly  understood 
hj  reference  to_^.  383.,  -where  b  represents  a  small  convergent  lens 
of  very  short  focal  length,  hefore  whioli  a  miiiuto  object  o,  wnicii  it  ia 


desired  to  magnify,  ia  placed.  The  distance  b  o  will  a  little  esceed 
the  focal  length  of  the  lens  h.  An  image  of  o  will  be  formed  at  o', 
the  focus  conjugate  to  o.  Tbe  magnitude  of  the  image  at  </  will  be 
JTLst  90  mucb  greater  than  the  magQitude  of  the  object,  aa  the  db- 
tance  </  6  is  greater  than  the  distance  o  b.  This  imago  o"  ia  the  imme- 
diate object  of  examiuatiou  with  tbe  simple  microscope  e ;  and  every- 
thing which  baa  been  explained  with  respect  to  the  application  of 
sim^e  mioroaoopea  to  magnify  objects  will  be  equally  applicable  to 
the  microscope  e  aa  applied  to  the  image  </,  considered  aa  an  object. 
The  lens  J  is  called  the  object-glasa,  and  the  lens  e  is  called  the  eye- 
glass. In  some  cases,  instead  of  a  single  lens  two  or  more  are  used 
at  6,  so  as  to  form  a  compound  object-glass.  The  lens  h  is  rendered 
achromatic  in  the  manner  already  explained,  by  eoastruoting  it  of 
two  lenses  having  different  dispersive  powers  and  e 
vatcires,  aa  already  explained. 

The  magnifying  power  of  the  object-glass 
not  by  increasing  ita  curvature,  but  by  combining  together  two  or 
more  lenses  of  equal  magni^ng  power,  and  of  equal  opening.  In 
this  way  tbe  observer  is  enabled  with  great  facility  to  vary  tbe  power 
of  his  microscope  at  pleasure,  according  to  the  magnitude  of  the 


It  ia  only  nace^ary  to  screw  upon  the  end  of  the  microscope  nest 
the  object  one,  two,  or  three  lenses,  so  as  to  increase  the  magnifying 
power. 

In  like  manner  the  eye-glass  e  may  be  varied  in  power  by  com- 
bining different  lenses.  It  ia  usual  in  compound  microscopes  tti  pro- 
vide several  eye-pieces,  as  thoy  are  called,  having  different  powers ; 
the  eye-piece  being  tbe~name  given  to  the  sliding  tube  which  contains 
the  eye-glass,  and  which  moves  with  the  motion  of  a  telescope  joint, 
HO  aa  to  vary  at  pleasure  its  distance  from  the  image  t/.  These  eye 
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pieces  nsually  eonast  of  two  pkno-Gonvex  lenses  instead  of  a  single 
double  convex  lens. 

It  is  sometimes  convenient  to  enable  the  observei  looking  in  a  hori- 
Bontal  direction  to  see  an  object  which,  is  placed  vertically  below  tbe 
end  of  the  instrument.  This  is  accomplished  by  placing  the  great 
tube  contwning  the  object-glass  at  right  angles  to  the  tube  along  which 
the  observer  looks,  a  rectangular  prism  being  placed,  as  represented 
at  r,  m  the  angle  formed  by  the  two  tubes.  This  arrangement  is 
represented  at  r  i',  where  b'  is  the  object^lass,  and  o"  the  object,  and 
r  the  prism  by  ■which  the  pencils  proceeding  from  the  objeot-glass  b' 
are  reflected  at  right  angles,  so  that  theimag    '    f   m  d  at   ' 

It  has  been  already  explained  that  in  all        &  wh  d  t  n  t 

image  is  reqiured  to  be  formed  by  mean  f  a  con  ,5  nt  1  n  th 
divergence  of  the  pencils  proceeding  from  th  bj  t  mn  t  n  t  eed 
such  a  limit  as  would  render  the  diainete  f  th  1  n  n  blj  lifF 
ent  from  the  length  of  a  circular  arc  d  b  i  with  th  xt  m 
■pencils  as  radii,  and  the  point  of  the  ob]  t  f  m  wb  h  th  -ay 
diverge  as  a  centre.     Consequently  it  f  11  w    th  t    n    11  th 

diameter  of  the  lens  must  bear  a  very  small  p    p    t   n  t    th    diaCa 
of  the  object  from  it. 

Jfow,  since  in  microscopes  of  every  kind  where  an  eye-piece  is  nsed 
the  fooal  length  of  the  lens  itself,  if  it  be  a  simple  microscope,  and  of 
theobjeet-glass,if  itbe  a  compound  microscope,  is  extremely  short,  and 
the  distance  of  the  object  from  tie  lens  very  small,  it  follows  that, 
according  to  the  principle  just  explained,  the  diameter  of  such  lenses 
mnst  be  also  extremely  small,  since  their  diameters  must  bear  an  in- 
considerable proportion  to  such  distance,  and  the  higher  the  magnify- 
ing power,  the  smaller  must  be  the  diameter" of  the  lens.  Thus  the 
diameter  of  such  lenses  used  for  the  object-glasses  of  compound  micro- 
scopes do  not  exceed  in  general  a  small  fraction  of  an  inch.  The 
same  observation  is  applicable  to  the  reflectors  or  specula  used  to  form 
the  image  in  reflecting  microscopes. 

1208.  Compound  ujiiversal  microscope  of  Charles  Chevalier.  — 
It  would  not  be  compatible  with  the  object  of  this  volume  to  enter 
into  any  debuled  description  of  the  various  forms  of  compound  micro- 
scopes. It  may  be  leefiil,  however,  to  indicate  the  arrangementa 
adopted  in  one  aa  an  example.  For  this  purpose  I  shall  here  briefly 
describe  the  form  of  microscope  constructed  by  Mr.  Charles  Cheva- 
lier, and  called  from  its  general  utility  the  Universal  Microscope. 

This  instrument  is  represented  in  _fig.  384.  The  object-glass  is  at 
T,  and  the  eye-piece  at  a.  The  rectangular  prism  by  which  the  pen- 
cils are  turned  along  the  horizontal  tube  is  at  v.  The  objects-glasses 
consist  of  three  achromatic  lenses,  whose  focal  lengths  vary  from  three- 
tenths  to  four-tenths  of  an  inch.  These  lenses  are  constructed  with 
screws  so  as  to  be  successively  screwed  upon  the  end  y  of  the  tube . 
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Fig.  3S4. 

The  iii'^ti anient  is  usuallv  provided  witb.  six  eye-pieces;  the  first 
four  lie  ponstmcted  upon  the  same  principle,  each  being  composed 
of  twi  piano  convex  kn^es,  whose  convesities  are  turned  towards  the 
image.  The  two  others  are  simple  converging  lenses  of  short  focus. 
2  is  a  stage  provided  to  reoeive  the  slider  on  which  the  object  to  be 
esamined  is  placed.  This  str^  can  be  moved  gradually  by  an  ad- 
justing serew  0,  upwai-ds  and  downwards  on  a  squave  vertical  rod  1?  G, 
BO  M  to  vary  ita  distance  from  the  object-glass  y.  The  observer  look- 
ing through  the  eye-pieoe  e,  plac^  his  right  hand  npon  the  screw  o,  and 
turns  it  in  the  one  direction  or  the  other,  until  he  brings  the  object 
to  the  focu,?,  the  finai  adjustment  being  made  by  a  fine  raicroraetric 
screw  Q,  which  gives  a  dower  motion  to  the  stage  than  can  be  im- 
parted ifj  it  by  the  screw  0. 

If  the  object  be  transparent,  it  is  iHaminatod  by  a  concave  mirror 
H,  which  is  eapable  of  being  adjusted  at  such  an  angle  with  reference 
to  the  light  as  to  throw  the  illumiaation  directly  upon  the  object  by 
means  of  a  horizontal  axis  k,  on  which  the  reflector  h  turns,  and  the 
intensity  of  the  illumination  may  be  varied  by  moving  the  reflector 
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Terdoally  ujioil  the  bar  p  g  by  means  of  a  screw  n,  which  works  ia  a 
rack  behiud  the  har  and  carries  with  it  the  frame  1,  hy  which  the 
mirror  is  austained.  Ia  this  manner  the  reflector  may  he  made  to 
approach  to  or  recede  from  the  slider  whioh  supports  the  object,  and 
the  light  thrown  upoa  it  may  be  accordingly  rendered  more  or  less 
intense. 

If  the  instrument  be  used  in  the  day-time  it  will  be  convenient  to 
place  it  upon  a  table  near  a  window,  so  that  the  light  from  the  clouds 
may  be  received  upon  the  reflector  H.  If  it  be  used  at  night,  a  lamp 
or  candle  placed  at  a  coayenient  height  in  front  of  the  instrument  will 
form  a  snffieient  illumination. 

In  order  to  intercept  all  light  proceeding  from  the  reflector  H,  except 
that  which  falls  npon  the  object,  a  circular  movable  stage  is  placed 
beneath  the  stage  z,  which  supports  the  object,  and  pierced  by  a  num- 
ber of  holes  of  different  magnitudes,  which,  being  brought  successively 
under  the  object,  regulate  the  quantity  of  light  reflected  from  h  which 
is  transmitted  to  the  object. 

The  focus  ia  determined  by  the  adjustment  with  the  screw  0,  and 
still  more  accurately  by  the  micrometer  screw. 

When  it  is  required  to  view  opaque  objects,  they  are  usually  placed 
upon  a  blackened  glass  laid  upon  the  slide  z,  and  are  illuciiaated  by 
another  lens  or  reflector  attached  to  the  side  of  the  slide  z. 

When  high  magnifying  powers  are  used,  so  that  only  a  part  of  a 
minute  object  can  oe  seen  at  one  time  in  the  field  of  view,  it  ia  doa- 
rable  to  be  enabled  to  move  the  object  slowly  under  the  microscope, 
so  as  to  bi'ing  all  its  parte  successively  under  examination.  To  do 
this  by  moving  the  slide  with  the  hand  is  impracticable,  for  the  motion 
being  magnified  in  the  same  proportion  as  flie  object,  a  movement  of 
the  hand  which  is  impercoptibie  will  throw  the  object  completely  out 
of  the  field.  To  enable,  therefore,  the  observer  to  move  the  object 
ao  as  to  bring  all  its  parts  successively  into  view,  and  to  keep  any  part 
steadily  under  examination,  two  micrometer  screws  under  the  stage  K 
are  provided :  the  first  moves  the  object  backwards  and  forwards  to 
or  from  the  observer,  and  the  second  moves  it  laterally"  right  and  left. 
By  the  combination  of  these  two  motions  every  possible  position  can 
be  dven  to  the  object. 

To  keep  the  eye  of  the  observer  undisturbed  by  extraneous  light, 
a  large  circular  screen  e'  e'  ia  placed  between  the  socket  of  the  eye- 
piece and  the  end  of  the  instrument.  By  this  means  the  observer  is 
not  under  the  necessity  of  closing  that  eye  which  is  not  directed  to 
the  eye-piece. 

1209.  Adaptation  of  the  camera  lucida  to  ili&  microscope.  —  The 
adaptation  of  the  camera  lucida  to  this  instrument  haa  greatly  ex- 
tended its  interest  and  utility.  The  instrument  is  attached  to  the  eye- 
piece s,  so  that  when  the  observer  looks  upon  it  he  sees,  bj  the  re- 
flection of  the  prism,  a  sheet  of  paper  placed  vertically  under  the 
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eye-piece  on  a  table  before  him,  and  lie  sees  directly  the  image  of  the 
magnified  objeot  projected  upon  tte  paper.  In  this  raaiiDer  he  is 
enabled  to  oiake  a  tracing  of  the  object,  as  already  described  in  the 
application  of  the  camera  lucida. 

1210.  Method  of  deterrmnmg  the  magnifying  power.  —  To  deter- 
mine the  magnifying  power  of  the  instrument,  a  slide  is  provided,  of 
the  form  represented  in  Jig.  385.,  upon  which  ii 
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Fig.  3S6. 

meter  scale,  made  to  the  Tcntli  P^t  of  a  millimetre,  which  is  equiva- 
lent to  the  3^jnrtt  part  of  an  inch.  There  ate  usually  ten  of  these 
divisions  engraved  upon  the  slider,  the  entire  length  of  which  is  there- 
fore the  ^iffth  part  of  an  inch.  This  slide  heiug  placed  upon  the 
stage,  a  camera  Incida,  constructed  upon  the  principle  of  Amici,  is 
attached  to  the  eye-piece  C,fg-  885.,  the  effect  of  which  is  that  the 
eye  sees  a  magnified  image  of  the  scale  projected  upon  a  sheet  of  paper 
A  spread  upon  the  table  under  the  hand  of  the  observer.  A  divided 
scale  being  applied  to  this  magnified  image,  the  length  of  the  mag- 
nified divisions  may  be  at  once  compared  with  the  divisions  on  the 
divided  scale,  whicb  are  seen  directly  without  being  magnified.  The 
arrangement  by  which  this  is  accomplished  is  represented  in_^^.  385., 
where  P  represents  the  eye,  b  a  metallic  speculum  applied  at  an  angle 
of  45°  with  the  line  of  vision,  and  having  a  hole  pierced  in  its  cen- 
tre, through  which  the  eye-piece  and  the  magnified  image  of  the  scale, 
fg.  386.,  are  seen.  At  the  same  time  the  eye  sees  by  reflection,  in 
the  speculum  b,  the  sheet  of  paper  A,  upon  which  a  scale  is  placed 
at  0',  parallel  to,  and  coincident  with,  the  image  of  tLe  scale,  jig'. 
386.,  which  is  also  seen  projected  on  the  paper.  By  comparing  the 
divisions  of  the  image  of  the  scale,^^.  386.,  seen  magnified,  with  the 
image  of  the  diviaons  of  the  scale  on  the  paper  a,  seen  by  reflection 
without  being  magnified,  the  magnifying  power  can  be  immediately 


<K.l<»i:..,COOglc 


OPTICAL  INSTRUMENTS.  209 

The  magnif  jing  power  being  thus  ascertaiiiecl,  the  real  dimensions  of 
any  object  viewed  tiirough  the  mioroBOope  caa  be  easily  meaeuvad.  Tor 
this  purpose,  let  a  system  of  parallel  lines  be  described  upon  the  paper 
A,  at  right  angles  to  each  other  as  represented  at  a',  so  that  the  dis- 
tance between  them  siiail  con-espond  to  any  fraction  of  an  inch,  such 
as  the  2000th  part,  as  ascertained  by  the  method  just  explained. 

When  the  magnified  image  of  a  minute  object  ia  seen  projected 
■upon  the  paper  upon  which  this  rectangular  scale  is  drawn,  the  dimen- 
sions of  the  object  can  be  determined  by  inspection,  by  merely  ob- 
serving how  many  squares  of  the  rectangular  scale  the  image  occupies. 

The  detwls  of  tiie  microscope  represented  in  fig.  88i.,  present 
many  practical  conveniences  to  the  general  microscopic  observer. 

When  it  is  desirable  to  present  the  main  tube  e  directly  upon  the 
object  without  reflection  by  the  rectangular  prism  v,  the  elbow  tube 
which  contains  this  prism  can  be  detached  both  from  the  main  tube 
K,  and  from  the  tube"  x,  which  bears  the  objeot-glaaSj  being  attached 
to  them  by  bayonet  joints.  The  tube  X-is  tiien  inserted  in  the  m.-un 
tube  It  of  the  instrument,  so  as  to  form  a  compound  mieroseope,  in 
which  the  pencils  refracted  by  the  object-glass  Y  will  proceed  directly 
to  the  eye-piece  S.  The  bodyof  the  microscope  a  turns  upon  a  joint 
at  c,  so  that  it  can  be  moved  through  a  right  angle,  so  as  to  be  applied 
in  a  vertical  portion,  and  to  enable  the  observer  to  look  vertically 
downwards  on  the  stage  z,  which  supports  the  object. 

The  iMtrument  can  also  be  applied  at  any  required  angle  with  the 
Tertical.  To  accomplish  this,  it  is  only  necessary  to  loosen  the  screw 
a,  by  which  the  straight  bai-  p  g  m  held  in  the  vertical  position. 
When  this  is  done,  the  bar  V  Q,  carrying  the  reflector  h  and  the  stage 
B,  can  be  turned  at  any  angle  with  the  pillar  CO  by  means  of  tee 
pivot  E,  upon  which  the  entire  instrument,  including  the  body  of  the 
microscope  and  the  bar  p  G,  turns  wilh  a  common  motion.  The  pivot 
works  so  stiffly,  and  the  weight  of  the  instrument  is  so  equally 
balanced  upon  it,  that  it  will  rest  at  any  required  angle  with  the  vertical. 

By  means  of  the  two  pivots  e  and  c,  the  bar  p  O,  and  the  body  of 
the  instrument  b,  can  be  brought  into  a  horizontal  directioi),  so  that 
the  stage  z  shall  be  vertical  and  opposite  to  the  object-glass  of  the 
microscope,  the  asis  of  which  ia  horizontal.  Proper  holders  are  pro- 
vided on  the  stage  to  keep  the  sliders  in  their  podtion  upoa  it,  at 
whatever  angle  it  may  be  applied  with  the  vertical. 

The  entire  instrument  js  sciewed  at  o  upon  its  own  tise  Oa  m 
which  is  a  drawer,  b  p  operly  e  nstiuctud  to  receive  it  and  all  its  a 
cessories. 

1211.  Solar  rnicroacopp  — This  instrument  pirtakes  of  the  ha 
racterof  a  magic  lantern  anl  i  compound  miciosi,  pe  Light  pro 
ceediag  directly  from  the  sun  is  received  upon  a  plane  minor  an 
reflected  by  it  into  the  tube  of  the  instrument  wheie  it  is  receiv  d 
upon  a  large  convergent  leni  cilkd  the  ^11    nn  ittng  /en<      Bv  th  s 
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lena  tlie  rajs  are  maclc  to  conrerge  to  a  focus,  near  which  tiey  are 
received  upon  the  minute  object  which  it  is  desired  to  exhibit.  In 
this  manner,  the  light  thrown  upon  the  object  is  just  80  much  more 
intense  than  that  which  it  would  reewve  directly  from  the  aun,  as  the 
area  of  the  illuminating  lens  is  greater  than  the  area  of  the  object. 
The  object  being  thus  Uluminated,  a  magnifjing  lens  is  applied  before 
it  at  a  distance  greater  than  the  focal  length ;  and  an  image  is  ac- 
corditigly  formed  of  tlie  object  at  the  other  side  of  this  lens,  which 
image  is  greater  thaa  tie  object  in  the  same  proporfdon  as  its  distance 
froia  the  magnifying  lens  is  greater  than  the  distance  of  the  object 
from  it.  A  white  screen  being  property  suspended  at  the  necessary 
distance  from  the  magnifying  lens,  reeoires  the  image,  upon  which  it 
b  seen  In  the  same  manner  as  in  the  case  of  tlie  magic  lantern. 

It  is  evident  that  such  objects  only  can  be  eshibited  in  iiis  instru- 
ment as  are  naturally  ti'ansparent,  or  such  m  may  be  rendered  so. 
If  opaque  objects  are  exhibited,  nothing  appears  upon  the  screen  ex- 
cept a  gigantic  silhouetfe  or  profile  of  their  form. 

Such  an  instrument  could  only  be  exhibited  in  the  day-time,  and 
when  the  sun  is  unclouded.  Its  application,  however,  has  recently 
been  rendered  more  convenient  and  extensile  bj  adapting  it  to  artifloial 
light  called  the  Drummond  light.  Instead  of  the  solar  rays,  a  small 
cylinder  of  lime  rendered  incandescent  by  the  oxjhydrogen  blow-pipe 
is  applied  behind  the  illuminating  lens  in  such  a  position  that  its 
light  is  brought  to  a  foeus  upon  the  object  to  be  exhibited,  and  the 
same  effect  is  thereby  produced  as  with  sun-light.  Several  successful 
attempts  have  been  still  more  recently  made  to  apply  the  electric 
light  to  this  instrument. 

1212.  The  telescope. — What  the  compound  microscope  is  to 
minute  and  near  objects,  the  telescope  is  to  distant  objects.  The 
principle  in  both  instruments  is  the  same,  the  details  of  its  application 
alone  being  different.  In  the  telescope,  however,  as  tte  objects  to 
which  it  is  directed  aj«  always  at  a  considerable  distance  from  the 
object-glass,  and  generally  at  a  distance  which  may  be  conadered  in- 
finite as  compared  with  any  possible  magnitude  of  that  lens,  it  is  pos- 
sible to  ^ve  the  object-glass  any  d^red  magnitude  without  producing 
such  spherical  aberration  as  would  render  the  image  indistinct.  In 
fine,  the  objects  to  which  a  telescope  is  directed  being  at  distances  in- 
comparably greater  than  the  diameter  of  the  objeotrglass,  their  images 
will  always  be  formed  at  a  distance  from  such  lens  equal  to  its  focal 
length.  The  pencils  which  proceed  from  the  extreme  limits  of  the 
object  passing  through  the  centre  of  the  object-glass,  and  interesec1> 
ing  there,  are  continued  to  the  corresponding  extreme  limits  of  the 
image  which  is  formed  in  an  inverted  position  with  respect  to  tie  ob- 
ject at  a  distance  from  the  objeet-glass  equal  to  its  focal  length. 

This  image  therefore  subtends,  at  the  centre  of  the  object-glass,  aa 
angle  equal  to  that  which  the  object  subtends  at  the  same  point.     If 
6S0 
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wo  imftgine  that  sm  eye  be  placed  at  the  centre  of  the  ohjeot*gkss,  tho 
apparent  magnitude  of  t!ie  image  seen  from  that  point  would  be  ei^ual 
to  the  apparent  magnitude  of  the  object. 

Ths  image  which  is  thus  formed  at  the  foeua  of  the  objectglaas  is, 
as  in  the  case  of  the  compound  microscope,  viewed  bj  lie  observer 
with  a  giiuple  convergent  lens,  called  aa  in  the  compoand  microeeope 
the  eye-glass.  All  the  obaervationa  which  have  been  made  in  rela- 
tion 10  the  eye-piece  of  the  compound  microscope  are  equally  appli- 
cable to  the  eye-piece  of  the  telescope,  which  performs  precisely  the 
same  functions  in  relation  to  the  image  formed  at  the  focus  of  the 
objeot-glaM  aa  the  eye-piece  of  a  compound  microscope  with  respect  to 
the  image  formed  in  the  focus  of  the  object-glass  of  that  instrument. 

Tel^oop^  differ  from  each  other  in  the  details  of  their  construc- 
tion, according  as  the  imagea  of  the  different  objects  are  produced  by 
object-glaaaes  or  by  concave  reflectors.  In  this  respect  telescopes, 
lite  microscopes,  consist  of  two  classes,  reflecting  telescopes  and  re- 
fracting telescopes.  They  are  also  classed  in  relation  to  the  objects 
to  the  vision  of  which  they  are  directed ;  those  which  are  used  for  as- 
tronomical purposes  being  called  astronomical  telescopes,  and  those 
which  are  used  for  observing  objects  at  less  distance  on  the  surfiice  of 
the  earth  being  called  terrestrial  telescopes. 

In  this  last  class  it  is  important  that  the  object  should  be  seen 
erect,  which  it  would  not  be  if  the  image  formed  by  the  object-glass 
were  the  immediate  subject  of  observation  hy  the  eje-glaaa ;  suoh  imago 
being,  as  already  explained,  always  inverted.  An  espedient,  however, 
is  adopted  in  one  class  of  tel^copes,  as  will  he  presently  explained, 
by  which  this  inconvenience  is  removed  without  the  introduction  of 
additional  lenses. 

Having  thus  explained  the  general  properties  upon  which  telescopes 

are  constructed,  we  shall  briefly  esplain  the  different  kinds  of  telescopes. 

1213.    The    Gregorian    reJkcHng    telescope. — A    longitudinal 

section  of  this  instrument  is  represented  in_;i^.  387.    a  b  is  a  large 


Fig.  387. 

concave  speouluro  formed  of  an  alloy  of  metals  auapicu.  i,u  leubivu  \ 
high  polish.     A  circular  aperture  is  made  in  the  centre,  so  that  th 


fleeting  portion  of  the  s 


maae  m  tue  centre,  so  inai  xne 
that  part  only  which  is  outside 
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the  circular  aperture.  A  seoond  concave  speculum  0  c  is  placed  with 
its  coneavitj  ia  the  other  direction,  at  a  distance  from  a  b  greater 
than  the  focal  length  of  the  mat  apeculum.  The  eye-glass  P  is 
placed  in  a  smaller  tube  inserted  in  the  greater  one  opposite  the  opea- 
ing  of  the  great  speculum. 

The  extremity  of  the  great  tuhe  being  open,  and  presented  to^varda 
the  object  of  observation,  an  inverted  image  of  this  object  is  formed 
at  m  n  in  the  principal  focus  of  the  great  speculum  A  B.  This  imago 
forme  an  object  for  the  small  speoulnm  o  D,  and  another  image  is 
formed  in  the  conjugate  focus  m'  n' ;  this  latter  image  being  inverted 
with  respect  to  m  w,  and  therefore  erect  with  respect  to  the  object. 

The  pencils  proceeding  fi-om  c  d  are  sometimes  hrought  to  a  focus 
by  the  interposition  of  a  oonver^ng  lens  e,  but  this  is  not  necessary. 

The  image  m'  n'  is  viewed  by  the  eye-^lass  f,  TOhieh,  as  already  ex- 
plained, maybe  considered  as  a  simple  microscope, 

The  telescope  is  mounted,  with  proper  apparatus,  by  which  it  can 
be  directed  to  the  object,  and  by  which  its  focus  can  be  regulated. 

1214.   Cassegrain' s  rejecting  telescope.  —  A  longitudinal  section 


of  this  instrument  is  ^ven  in  /g.  388.  Its  details  are  in  all  respects 
similar  to  the  Gregorian  reflector,  except  that  the  second  speculum  c  D 
ia  convex  instead  of  being  concave,  and  receives  the  pencils  proceed- 
ing from  A  B  before  they  come  to  a  focus.  It  turns  them  back  to- 
wards the  eye-piece,  where  an  image  is  formed,  as  in  the  former  case. 
1215.  The  JVetolonidw  reflecting  telescope. — A  longitudinal  secljon 
of  this  instrument  is  represented  in  _fig.  389,,  where  a  b  is  the  great 


speculum  which  would  form  an  image  of  the  object  at  m 
cipal  focus, 


n  its  prin- 


OPTICAL  INSTRUMENTS.  213 

But  tlie  penoila,  before  ttey  arrive  at  that  point,  teing  received 
upon  a  plauG  reflector  o  D  placed  at  an  angle  of  45°  vjitli  tie  asia  of 
the  telescope,  tlie  image  is  formed  at  ni'  «'  in  a  lateral  tube  inserted 
in  the  great  tube,  where  it  is  viewed  by  an  eye-piece,  as  before  es- 
plained.  In  tliis  oase  the  open  end  a  of  the  great  tube  is  directed 
towards  the  object,  and  the  obaerver  examines  the  object  by  looking 
in  at  the  side  of  the  telescope  in  a  direction  at  .right  angles  to  ita 
length. 

In  all  these  cases,  the  central  rays  of  the  pencUs  directed  upon  the 
great  speculum  are  lost.  In  the  Gregorian  and  Oassegrain,  the  central 
portion  of  the  speculum  is  removed,  and  in  the  Newtonian  telescope 
the  centi-ai  rays  are  intercepted  by  the  plane  reflector  0  D. 

1216.  Herschel's  telescope. — The  form  of  reflecting  telescope  wMeh 
has  attained  by  far  the  gi'eatest  celebrity  of  any  that  have  been  hitherto 
constructed,  is  that  which  was  erected  by  Sir  W.  Herschel,  and  used 
by  him  wifi  such  signal  success,  as  to  render  his  name  memorable  in 
the  history  of  astronomical  science.  Herschel,  after  having  constructed 
a  great  number  of  reflecting  telescopes  on  the  Newtonian  principle, 
varying  from  seven  to  twenty  feet  in  length,  aided  by  the  patronage 
of  George  III.,  completed  in  1789  his  celebrated  telescope,  forty  feet 
in  length,  by  which,  on  the  very  day  it  was  completed,  he  discovered 
the  sixth  satellite  of  Saturn.  The  great  speculum  of  this  telescope 
measured  nearly  fifty  inches  in  diameter,  ita  thickness  being  tliree 
inches  and  a  half,  and  its  weight  about  a  ton.  The  open  end  of  the 
telescope  being  directed  to  the  point  of  the  heavens  under  observation, 
and  the  speculum  being  fised  at  its  lower  end,  the  observer  ia  sus- 
pended in  a  chair,  so  as  to  be  able  to  look  over  the  lowest  part  of  the 
edge  of  the  opening.  The  speculum  being  a  little  inclined  to  the 
axis  of  the  tube,  the  image  is  formed  near  the  lowest  point  of  the  edge 
of  the  opening,  where  it  is  viewed  by  the  observer  with  proper  eye- 
pieces. 

The  quantity  of  light  obtained  by  this  prodigious  speculum  enabled 
Sir  W.  Herschel  to  use  magnifying  powers  wiiioh  greatly  exceeded 
any  which  before  his  time  had  been  applied.  He  was  thus  enabled, 
in  examining  the  fixed  stars,  to  apply  in  some  cases  a  magnifying 
power  of  6450. 

1217.  The  Galilean  telescope. —  Opera-glass. — This  telescope, 
which  takes  its  name  from  Galileo,  by  whom  it  was  first  used,  Is  a 
refracting  telescope,  the  principle  of  which  is  represented  in  fig.  390. 
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A  T)  is  the  objecf-glasa,  in  tie  principal  focus  of  whidi,  e,  an  inverted 
image  of  the  object  would  he  formed;  hut  before  the  pencils  arrive  at 
this  point,  they  are  received  by  a  divergent  lens  c  d,  which,  destroy- 
ing  their  convergence,  causes  them  to  enter  the  eye  parallel,  as  they 
would  if  they  proceeded  from  an  object  at  a  considerable  distance. 

The  geueral  direction  of  the  axes  of  the  pencils,  however,  is  not 
changei^  and  the  eye  oonseciuently  receives  them  as  if  they  had  pro- 
ceeded from  an  object  at  the  same  distance  from  the  eye  as  the  image 
»i  n  is  from  the  eye-glass  o  d.  The  apparent  magnitude,  therefore, 
of  the  object,  as  seen  with  the  eye-glass  0  d,  is  measured  by  the  angle 
which  the  image  m  n  subtends  at  the  centre  of  the  lens  o  d  ;  and  the 
apparent  magnitude  of  the  object  as  seen  directly  is  equal  to  the 
angle  which  the  same  image  subtends  at  the  centre  of  the  object- 

If,  therefore,  we  divide  the  focal  length  of  the  object-glass  by  the 
distance  of  the  eye-glass  from  the  image,  we  shall  then  obtain  the 
magnifying  power. 

Let  us  suppose,  for  esaraple,  that  the  focal  length  of  the  object- 
glare  is  fifty  inches,  that  the  focal  length  of  the  eye-glaaa  is  one  inch, 
and  that  the  eye  of  the  observer  is  adapted  to  the  reception  of  parallel 
rays,  In  this  case,  the  focal  length  of  the  object-glass  will  be  fifty 
times  the  distance  of  the  eye-glass  from  the  image,  and  the  telescope 
will  magnify  accordingly  fifty  times.  But  if  the  eye  nf  the  observer 
be  adapted  to  the  reception  of  diverging  rays,  then  tie  eye-glass  o  D 
must  be  removed  further  from  the  image  than  its  foeal  length,  and, 
consequently,  the  magnifying  power  will  be  less  than  it  wonld  be  fr 
an  eye  adapted  to  parallel  rays;  and  if,  on  the  contrary  th  y 
of  the  obsei-ver  be  adapted  to  conver^ng  lays,  the  eje-glaa  m  t  I 
moved  near  to  the  image,  and  the  magnifying  power  will  h   g     t 

la  all  cases,  the  distance  of  the  eye-glaas  from  the  obj  t-  kss  s 
equal  to  the  difference  between  their  focal  lengths  for  eyes  d  pt  d  to 
parallel  rays.    It  is  a  little  less  for  shortsighted,  and  a  litd    m       f 


This  form  of  telescope  has  long  been  disused  for  all  purposes  where 
very  distant  objects  are  observed.  It  is,  however,  still  continued  with 
great  convenience  where  the  objects  of  observation  are  nearer,  as 
■  I  the  case  of  opera-glasses,  which  are  nothing  more  than  Galileau 


These  insfmments  have  lately  b 
enable  the  spectator  to  use  both  his  eyes,  as  with  spectacles. 

1218.  The  astronomical  telescope.  —  This  is  the  name  given  to  a 
refracting  telescope,  consisting  of  two  convergent  lenses,  one  used  aa 
an  object-lens,  to  form  an  image  of  the  object  to  be  observed,  and  the 
other  as  a  simple  microscope,  to  examine  this  image.  The  principle 
of  this  instrument  has  noen  already  sufEoiently  explained  in  the  case 
of  the  compound  microscope,  from  wliioh  it  differs  in  nothing  but  in 
684 
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tte  proportion  of  its  p.irta.     a  b,  fig.  391.,  ia  tbe  object-gl 
inverted  image  m  n  of  the  object  M  M  is  formed  at  its  focus. 


Fi^.  391. 

This  image  is  viewed  bj  tho  eye-piece  0  D,  wtioh  for  ejes  adapted 
to  parallel  raja  is  placed  at  a  distance  from  m  n  eqiial  to  its  focal 
lengtli.  The  image  m  n  is  seen  under  an  angle  equal  to  tiat  which  it 
subtends  at  the  centre  of  tho  eye-glass  0  D,  and  its  apparent  magni- 
tude being  equal  to  the  angle  which  it  subtends  at  the  centre  of  the 
objec^glafis  A  B,  it  follows  that  the  magnifying  power  of  the  icstru- 
ment  is  found  by  dividing  the  focal  length  of  the  object-glass  by 
the  focal  length  of  the  eye-glass.  The  image,  as  seen  in  this  instru- 
ment, is  always  inverted  with,  respect  to  the  object;  but  as  it  is  used 
for  astronomical  purposes,  this  is  unimportant. 

1219.  Terrestrial  telescope.  —  When  the  telescope  described  above 
is  applied  to  terrestrial  objects,  it  exhibits  them  inverted.  This  is 
eoreeoted  by  interposing  between  the  eye  and  the  image  other  lenses, 
bj  which  a  second  image  is  foi'med,  inverted  with  respect  to  the  first, 
and  ttevefore  erect  with  respect  to  the  object.  This  arrangement  is 
represented  in  fig,  S92.,  where  a  b  is  the  object  and  m  n  the  first  in- 
verted image.     A  convergent  teas  o  D  is  placed  before  this  image,  at 


e  equal  to  ite  focal  length ;  consequently,  the  pencils  proceed- 
ing from  m  n,  after  passing  through  c  D,  will  emerge  with  their  rays 
parallel.  These  pencils  are  received  by  another  converging  lens  of 
equal  focal  length  E  f,  by  which  they  are  again  rendered  convergent, 
and  are  made  to  form  the  image  m'  n',  which  is  inverted  with  respect 
to  mn,  and  erect  with  respect  to  the  object.  This  image  m'tt'  ia 
yiewed  by  the  eje-glass  G  H  in  the  usual  manner. 

The  eye-pieces  of  telescopes,  like  those  of  microscopes,  do  not  ne- 
"y  consist  of  a  single  lens,  but  arc  frequently  composed  of  twa 
58  685 
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Tte  object-glass,  aa  well  as  tlie  other  lenses  composing  refracting  tele- 
acopes,  are  usually  oonatructed  30  as  to  be  achromaticj  upon  tlie  prin- 
ciple already  explained  in  Chap.  XIII. 


CHAP.  XTI. 

THEORIES   OF  WGHT. 

1220.  Ordinary  reflection  and  refraction  explicable  independently 
of  theories.  —  The  opfical  phenomena  atfendiag  ordinary  reflection 
and  refraction,  which  have  formed  the  suhjecta  of  the  preceding  chap- 
ters, tave  been  explained  without  reference  to  any  hypothesis  or  the- 
.  ory.  They  have  been  deduced  directly  f  m  sp  'm  nts,  the  results 
of  whioh  are  so  simple  and  ohyions  hat  h  awa  which  prevail 
among  them  have  been  rendered  evid  n   wj  h     t  ence  to  theore- 

tical considerations. 

Other  phenomena,  however,  will  n  w  ha  to  examined,  in 
which  the  same  simplicity  does  not  p  ai  ani  w  h  do  not  admit 
of  being  explained  or  reduced  to  ge  ra  awe  w  h  ut  the  occasional 
nse  of  language  derived  from  one  or  other  of  the  theories  respecting 
the  nature  of  light  which  have  been  imagined  by  scientific  inquirers. 

1221.  2W  theories  of  light.  — ^Ve  shall  therefore  now  esplain 
briefly  those  theories  or  hypotheses  which  have  been  proposed  re- 
specting the  nature  of  light,  for  the  purpose  of  esplainiag  the  phe- 
nomena of  optics. 

It  has  been  already  stated  that  the  scientific  world  for  ages  has  been 
more  or  less  divided  by  two  theories  or  hypotheses  concerning  the  na- 
ture of  light,  one  of  which  is  knrwn  as  the  corpu'^ctikr  tbejry,  oi 
the  theoiy  of  emi'^^inn,  ind  the  othei  as  the  unduhtiry  theory,  or 
the  theory  of  undulition 

1222.  CorpUii,ular  theory  — In  the  corju'icular  theoiy,  which 
was  adopted  by  Newton  w  ihe  basis  of  his  optical  inquiue^,  light  is 
considered  as  a  material  substance,  consisting  of  infioitely  minute 
molecules  which  issue  from  luminous  bodies  and  pass  through  space 
with  prodigious  velocities  Thus,  in  this  hjpothesis,  the  sun  is  re- 
garded as  a  source  from  which  such  molecules  or  corpuscles  proceed 
in  every  direction,  with  such  a  velocity  that  they  pass  tiora  that  lumi 
nary  to  the  eartii,  ovei  a  distance  of  ninety  five  millions  ot  miles,  in 
about  eight  minutes  and  thirteea  seconds. 

This  immense  velocity  with  which  they  are  endued,  amounting  to 
nearly  two  hundred  thousand  miles  per  second,  united  with  the  fact 
established  by  observation,  that  they  do  not  impress  with  the  si'  '  " 


foogic 
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iHomeatuui  tht:  lighfeat  objects  wliich  they  strike,  tender  it  necessary 
to  suppose  that  they  are  so  minute  as  to  be  altogether  destitute  of 
inertia  or  gravity.  The  strongest  beam  of  sunlight  acting  upon  the 
moat  delicate  substance,  upon  the  fibres  of  silk  or  the  web  of  the 
spider,  or  upon  gold-leaf,  doe3  not  impress  upon  them  the  slightest 
perceptible  motion-  Now,  in  order  that  a  particle  of  matter  endued 
with  a,  velocity  so  great  should  have  no  perceptible  momentum,  it  is 
necessary  to  suppose  it  to  be  almost  infinitely  minute. 

But  this  minuteness  requires  ta  he  admitted  to  a  still  greater  ex- 
tent, when  it  is  considered  that  particle  after  particle  striking  upon 
bodies  Ro  light,  even  after  the  communication  of  their  forces,  impart 
to  them  no  perceptible  motion. 

1223.  Difference  of  colour  explained.  —  In  this  system  the  dif- 
ference of  colour  which  prevails  among  the  different  homogeneous 
lights,  the  combinatiiin  of  which  constitutes  solar  light,  is  ascribed  to 
different  velocities. 

Thus  the  sensation  of  red  is  produced  by  luminous  moleculea 
animated  by  one  velocity,  orange  by  another,'  blue  by  another,  and  so 

1224.  Laies  of  re/raclion  and  reflection  explained.  —  The  law 
which  renders  the  angle  of  reflection  equal  to  tho  angle  of  incidence, 
is  explained  by  supposing  eueh  molecules  to  haveperfeot  elasticity. 
The  law  of  refraction  is  expliuned  by  supposing  that  sueh  molecules 
are  subject  to  an  attraction  towards  the  perpendicular  when  they 
enter  a  denser,  and  by  a  repulsion  from  it  when  they  enter  a  rarer 
medium. 

1225.  Undulatory  theory.  — In  the  undulatory  theory  which  was 
adopted  by  Huygens,  and  after  him  by  most  continental  philosophers, 
light  is  regarded  as  in  alt  respects  analogona  to  sound. 

The  luminous  body  in  this  system  does  not  transmit  any  matter 
through  space  any  more  than  a  bell  transmits  matter  when  it  sounds. 
The  luminous  body  is  regarded  as  a  centre  of  vibration ;  but  in  order 
to  explain  the  transmission  of  this  vibralioo  through  space,  the 
existence  of  a  subtle  fluid  ia  assumed,  which  plays,  with  regard  to 
light,  nearly  the  same  part  as  the  atmosphere  plays  with  regard  to 
sound.  The  sun  in  this  theory,  then,  is  a  centre  of  vibration,  and  the 
space  which  surrounds  him  being  filled  with  an  atmosphere  of  this 
subtle  fluid,  tensmits  this  vibration  exactly  as  the  atmosphere  trans- 
mits the  vibration  of  a  sounding  body. 

1226.  T/ie  luminous  ether.  —  This  hypothetical  fluid  has  received 
the  name  of  ether.  It  is  snpposed  not  only  to  fill  all  the  vacant 
spaces  of  the  universe  which  are  unoccupied  by  bodies,  but  also  to  fill 
the  interstices  which  exist  between  the  component  parts  of  bodies. 
Thus  it  is  not  only  mingled  with  the  atmosphere  which  surrounds  the 
earth,  but  also  with  the  component  parts  of  water,  glass,  and  all  trans- 
parent  substances;  and  since  opaque  substances,  when  rendered  suf- 
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ficiently  thin,  are  penetnible  more  or  less  by  light,  it  is  ueeessary  to 
admit  that  it  also  fills  the  pores  of  such  bodies.  If  this  luminoua 
otl\er  did  not  prevail  throughout  the  whole  extent  of  the  atniospheve, 
the  light  of  the  stars  could  not  reach  our  eyes.  If  it  did  not  exist 
in.  water,  glass,  precious  stones,  and  all  transparent  gabstimoea,  these 
hodiaa  could  not  be  penetrable  by  light  as  they  are ;  ia.  fine,  if  it  did 
not  exist  in  the  humours  of  the  eye,  light  could  not  affect  this  organ, 
and  the  undaktioue  could  not  reach  the  membrane  of  the  retina. 

1227.  Effects  ascribed  to  its  varying  density.  — But  although  this 
luminous  ether  is  thus  assumed  to  be  omnipresent,  it  does  not  every- 
where prevail  with  the  same  density.  It  is  probable  that  its  density 
in  the  celestial  spaces  which  intervene  between  planet  and  planet  is 
the  same  which  it  has  under  the  exhausted  receiver  of  an  air-pump 
or  above  the  mercurial  column  in  a  barometer. 

But  its  density  in  (ransparent  media  must  be  different,  because  to 
explain  the  phenomena  of  light  passing  through  them  it  is  necessary 
to  suppose  that  the  undulations  change  their  magnitude,  a  supposition 
which  is  only  compatible  with  a  change  in  the  elasticity  of  the  ether. 
"We  shall  see  further,  that  in  some  transparent  bodies  existing  in  a 
orystallJEed  State  it  is  neeeasary  to  suppcae  also  that  the  density  of  the 
etber  in  different  directions  in  the  same  medium  varies. 

If  this  universal  ether  were  for  a  moment  io.  a  state  of  perfect  re- 
pose; the  universe  would  be  ia  absolute  darkness ;  but  the  moment 
its  equilibrium  is  disturbed,  and  that  an  undulation  or  vibratioa  is 
imparted  to  it,  that  instant  light  is  created,  and  is  propf^ted  indefi- 
nitely on  all  sides,  as,  in  an  atmosphere  perfectly  tranquil,  the  vibra- 
tions of  a  musical  shing  or  the  sound  of  a  blow  is  propagated  to  a 
distaaoQ  in  all  directions  according  to  determinate  laws. 

Light  itself  must  not,  however,  be  confounded  with  the  ether  which 
is  the  medium  of  its  propagation.  Light  is  no  more  identical  with 
the  hypothetical  ether  than  sound  is  identical  with  rur.  The  ether, 
in  the  one  ease,  and  the  air  in  the  other,  ai-e  merely  the  media  by 
which  the  systems  of  undulations  which  constitute  the  real  sense  of 
light  and  sound  are  propagated. 

1228.  Analogy  of  light  and  sound.  —  In  considering  the  analogy 
between  light  and  sound,  however,  there  is  an  important  distinction 
which  must  not  escape  notice.  Sound  is  propagated,  not  only  by  un- 
dulations traasmitted  through  the  air,  but  also  by  undulations  trans- 
mitted through  other  fluids  &s  well  as  solids,  as  has  been  already  ex- 
plained. Light,  however,  according  to  the  undulatory  theory,  is 
tiansmitted  only  by  the  undulations  of  the  luminous  ether.  Light, 
therefore,  i5oea  not  pass  through  a  transparent  body,  such  as  glass,  in 
the  same  manner  as  sound  is  transmitted  through  the  same  body.  Tiae 
undulations  by  which  sound  is  propagated  through  the  air  would  be 
imparted  to  glass  itself,  which  wil  continue  them  and  transmit  them 
to  another  portion  of  air,  aad  thenc«  to  the  ear;  but  when  the  nndu- 
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lations  of  light  aie  tr'jnsniitt^d  tbrough  glass  or  any  other  transparent 
jnedium,  they  must  be  bupposcd.  to  he  propagated,  not  hy  the  vibra- 
tion of  the  glass  Itself,  hut  by  the  vibration  of  the  subtle  ether  which 
pervades  its  pores 

122&.  The  undulaiory  theory  affords  a  more  complete  explanation 
of  ike  phenomena  — These  two  celebrated  theories  have,  as  has  been 
already  stated,  divided  the  scieutifio  world  for  ages;  nevertheless, 
many  of  the  more  recent  optical  discoveries  having  failed  to  obtain  a 
satisfactory  explanation  by  means  of  the  oorpuscmar  hypothesis,  the 
other  theory  has  now  obtained  much  more  general,  if  not  universal 
acceptation.  We  shall  therefore,  in  the  succeeding  chapters,  where  it 
is  necessary  to  use  the  language  of  theory,  adopt  that  of  the  undu- 
latory  hypothesis. 

All  the  geneial  princ'ples  connected  with  the  theory  of  undulations, 
as  explained  m  Book  \  II ,  wjll  bi  ipplicahle  to  the  undulations  im- 
parted to  the  luminous  ether  m  thia  cise 

Thui  the  velocity  with  ■which  such  undulitions  are  propagated  is 
the  velocity  of  light,  the  breadth  of  the  waves  determine  the  colours 
of  the  hgkt,  and  thi.  hught  of  the  waves  its  intensity  Thus  the 
undulations  with  which  red  light  is  piofigated  •ire  broader  than  those 
hy  which  violet  light  is  produced,  and  the  same  of  (he  other  colours. 


CHAP.  xvm. 

INTEUrEKEKCE   AKD   INrLECTION. 

It  has  been  shown  in  Book  VII.,  that  in  all  cases  wheie  systems 
of  undulation  are  propagated  along  the  surface  of  a  fluid  or  through 
an  elastic  mediuto,  phenomena  aie  produced  by  the  intersection  of 
systerafl  of  waves,  hy  which,  at  certain  pomta  the  undulations  obli- 
terate each  other. 

Such  eflects  are  called  interference,  one  system  of  waves  being 
said  to  iiUerfere  with  another  when  '^uch  reciprocal  obliterations  take 
place. 

An  instructive  class  of  interesting  optica,l  phenomena  are  explained 
upon  thia  principle. 

1230.  Fresnel's  experiments  exMbittng  ike  effects  of  the  inter- 
ference of  light.  —  In  order  to  exhibit  the  phenomena  of  the  inter- 
ference of  light  in  such  a  manner  as  to  develop  the  laws  which  govern 
it,  and  to  supply  numerical  estimates  of  the  data  and  constants  of  tha 
undulatory  theory,  it  is  necessary  to  contrive  means  by  which  two 
pencils  of  light,  whether  homogeneous  or  compound,  of  the  same  in- 
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tensity,  shall  intersect  eacli  other  at  a  very  oblique  angle  and  at  a 
considerable  distance  from  their  foci.  Fresnel,  to  whose  experimental 
reseirchoB  in  this  department  of  phjsice  science  is  largely  indebted, 
accomplislied  tins  object  by  refieotion  and  refraction  in  the  following. 

1  Bv  refifUion.  —  Let  m  C,  m'  fi,jig.  393.,  be  two  plane  re- 
flectors iaclinad  to  each  other  at  a  very 
obtuse  angle.  Let  F  be  o  focus  of  light 
produced  by  transmitting  the  light 
through  a,  oonvei^ng  lens  of  short 
focus,  or  by  reflecting  it  from  a  concave 
speculum.  The  rays  diverging  fi-om  v 
are  received  upon  the  two  plane  re- 
flectors M  0  and  m'  c.  An  image  of  s 
will  be  formed  by  the  reflector  m  O  at 
p  just  as  far  behind  tie  plane  of  M  o  as 
F  is  before  itj  'and,  in  like  manner, 
another  image  of  f  will  be  produced 
by  the  reflector  m'  o  at  p"  just  aa  far 
behind  the  plane  of  m'  c  ^  E  is  before 
it.  It  follows,  therefore,  that  those 
rays  which  proceed  from  f  and  are  in- 
^^  cident  upon  m  c  wiil  aifer  reflection 

diverge  as  if  they  liad  originally  proceeded  from  P,  and  those  rays 
which  are  incident  upon  M'  C  will  after  refieotion  diverge  as  if  they 
had  origimiily  proceeded  from  p".  Therefore  the  pencils  after  reflec- 
tion will  be  optically  equivalent  to  two  pencils  radiating  from  p  and  p'. 
Thus  we  shall  have  a  single  pencil  ra^ating  from  the  point  f  con- 
erted  into  two  pencils  intersecting  each  other  at  a  very  oblique  angle, 
g  from  the  distant  foci  P  and  p'. 

2.  By  re/raciion.— Let  A  b  c,  fig.  394., 
be  a  prism,  with  a  very  obtuse  angle  at  b, 
and  let  e  be  a  radiant  point  produced  as 
before  bj  a  converging  lens  or  concave  re- 
flector. The  rays  diverging  from  r,  and  in- 
cident on  the  surfeoe  a  b,  will  be  refracted 
as  if  they  proceeded  from  f'j  and,  in  like 
.  manner,  the  rays  proceeding  from  ¥  and  in- 
cident upon  B  0  will  be  refracted  as  if  they 
proceeded  fi'om  f".  Thus  we  shall  have 
two  pencils,  as  before,  the  rays  of  which  will 
intersect  eacli  other  obliquely  at  the  points 
I,  these  pencils  consisting  of  light  of  the 
same  quality  and  intensity. 

1231.  Phenomena  of  iitttrference  exkih- 
F)g,  394.  ited  in  the  cass  of  homogeneous  light.— It 
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two  peneila  of  homogeneous  light  thus  obtained  be  made  to  diverge 
from  two  points  P  and  P*,  Jig.  395.,  and  if  the  rays  of  these  pencils 
intersect  at  veiT  oblique  angles  below  the  line  A  B,  which  it  drawn 
parallel  to  the  line  !■  p',  which  joins  tiie  fooi  of  the  two  p 
Tollowiog  effects  will  ensue:  — 

If  a  line  o  o  0  be  drawn  from  the  middle  poiat  of  s  e'  perpendic  lai 
fo  it,  any  point  on  thia  line  o  o  will  be  illuminated;  in  feci  an  illu 
minated  line  will  be  formed  from  o  to  Oj  as  indicated  by  the  lotte  1 
line  in  the  figure.  On  either  side  of  this  illuminated  liue  o  o  w  11  be 
found  a  dark  curved  line  1  1  and  1'  1',  so  that  any  object  held  va. 
either  of  these  lines  would  be  deprived  of  light.  Outaide  tbese  two 
dark  curved  lines  will  be  found  two 
other  curved  lines,  2  2  and  2'  2', 
which  will  be  lines  of  light,  so  that 
any  object  held  at  any  point  of  either 
of  them  will  be  illuminated.  Beyond 
this  !^in  will  he  found  two  other  dark 
curved  lines,  3  3  and  3'  3',  so  that 
&ny  object  held  in  tbem  will  be  is 
shadow  or  darkness;  beyond  these 
agrun  will  be  two  curved  lines  of  light, 
as  before,  4  4  and  4'  4',  so  that  any 
object  held  in  either  of  these  will  be 
illuminated.  Thus  there  succeed  each 
other  a  series  of  curved  lines  of  light 
p-    ggj  and  darknras,  the  light  lines  having 

the  colour  and  qualities  of  the  light  of 
the  two  pencils.  The  series  of  the  illuminated  curves  of  light  and 
darkness  at  each  side  of  the  central  line  o  o  are  symmetrically  ar- 
ranged, those  on  the  one  side  having  corresponding  forms,  positions, 
and  distances  to  those  oa  the  other  side. 

The  curves  formed  by  these  light  and  dark  lines  are  those  known 
in  geometry  as  the  species  of  coaio  section  called  the  hyperbola,  the 
points  P  and  r'  being  theb  common  foci. 

Now,  it  is  a  well-known  property  of  this  curve  that  the  difference 
between  the  distances  of  every  point  in  it  from  the  two  foci  is  the  same. 
Thus,  if  lines  be  drawn  from  p  and  p'  to  any  point  in  any  one  of  these 
curves,  their  difference  will  be  the  same  as  that  of  lines  drawn  from 
p  and  X  *"  ™J  other  point  in  the  same  cur\'e. 

Thus,  for  esample,  if  p  and  p  be  two  poiafe  upon  the  curve  4  4, 
then  the  difference  between  the  distances  of  p  and  p  from  F  and  e' 
will  be  equal ;  and,  in  like  manner,  if  p'  and  p'  be  two  points  on  the 
curve  4'  4',  the  differences  between  their  distances  from  s  and  p'  will 
be  equal. 
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It  will  presently  Ije  seen  that  tiiia  property  gives  rise  to  Important 

If  in  01  axjue  screen  be  interposed  between  the  line  A  E  and  either 
of  the  f  p  E  f  r  example,  all  these  (uises  of  bright  and  dark  lines 
\  n  h  a  d  there  is  a  uniform  lUummatiin  pioduced  throughout  the 
[ace  below  th  1  e  A  B.  This  jlluminatiou,  however,  will  be  foand 
to  hive  uly  hilf  the  intensity  of  the  bnght  (.urves  which  were  pre- 
^  0  sly  formed 

Now  s  nc6  by  the  interposition  of  the  sereeB  no  light  has  been  dif- 
f  ised  h  1  V  the  I  ne  A  b  which  was  not  there  before,  bat,  on  the  con- 
trary all  the  1  gl  t  proeeediog  from  the  focus  f',  which  was  there 
before  is  now  excluded,  it  follows  that  the  effect  of  tho  rays  which, 
proceeding  from  the  foous  r',  intersect  those  proceeding  from  the  focua 
r  1  to  leji  ve  the  spaces  marked  by  tho  dark  curves  1 1,  3  3, 1'  1', 
and  3  3  ot  light  and  to  increase  ia  a  two-fold  proportion  the  light  in 
the  bpacea  marked  o  0,  2  2,  4  4,  2'  2',  and  4'  4'. 

Th  it  appears  that  at  the  intersections  of  the  rs,jS  proceeding 
f  IE  and  F  which  talie  place  upon  the  dark  curves,  the  one  light 
est  ugu  shes  the  tl  er;  and  that  at  the  intersections  which  take  place 
upon  the  \  ght  cui-ves,  the  lights  add  their  mutual  intenMties,  and  an 
intensity  is  pioduoed  equal  to  their  sum ;  for  since  they  are  equal  to 
each  other,  this  intensity  is  double  the  intensity  of  either. 

Now  it  will  be  evident,  by  reference  to  what  has  been  established 
io  Book  VII.  relating  to  undulations,  that  this  fact  ia  merely  a  con- 
sequence of  the  interference  of  the  waves  of  light,  Tho  foci  F  and  ]/ 
may  be  considered  as  tho  centres  round  which  two  systems  of  lumin- 
ous undulations  are  propagated.  These  systems,  encountering  each 
other,  intersect  below  the  line  A  B.  At  those  points  where  the  waves 
meet  under  corresponding  phases,  that  is  to  say,  where  the  crest  of 
one  wave  coincides  with  the  crest  of  another,  or  the  depression  of  one 
with  tho  depresMon  of  another,  they  produce  waves  of  double  the 
height  or  double  the  depression  of  either.  But  at  those  points  where 
they  meet  under  contwiry  phases,  that  is,  where  the  crest  of  one  wave 
coincides  with  the  depression  of  the  other,  or  uice  versd,  then  the 
waves  obliterate  each  other,  and  no  undulaljon  takes  place  at  such 
point.  In  the  former  case,  the  light  at  the  point  of  intersection  has 
double  tho  intensity  which  it  would  have  if  the  light  from  one  focus 
alone  was  received;  in  the  other  case,  the  lights  extinguish  each 
other,  and  there  is  darkness. 

Now  it  will  be  easy  to  show,  that  the  bright  curvra  indicated  by 
the  dotted  lines  in  the  figure  correspond  to  points  where  the  systems 
of  waves  intersect  under  the  first  condition  above  mentioned,  and  that 
the  darlt  curves  correspond  to  those  points  where  they  intersect  under 
the  second  condition. 
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The  middle  line  o  o,  wLioli  is  u  line  of  light,  b  at  all  its  pointa 
equally  distant  from  f  and  f".  Thus  two  lines  r  o  and  ^  0  di-own 
fiom  the  foCTS  to  the  same  point  in  it  ara  always  equal ;  cuiiBeo,uontly 
the  unJulations  which  meet  at  any  pomt  suyh  as  o  on  tJiis  line,  must 
neces'iai  ily  meet  under  similai'  pliasea;  for  since  filio  waves  are  of 
equal  lengths,  and  since  the  distance  fo  is  equal  to  the  distance  f"  0, 
the  fcftoie  number  of  waTes  and  parts  of  a  wave  must  occupy  the  two 
diatinces,  and  consequently  the  waves  must  ai-rive  at  0  under  eorr&- 
spouding  phases. 

The  distance  of  any  point  of  the  first  dark  curve  1 1  from  the  focus 
I*  exceeds  its  distance  from  the  focus  f  by  half  an  undulation.  If, 
therefore,  the  crest  of  a  wave  proceeding  from  F*  arrive  at  any  point 
on  this  curve,  the  depression  of  a  wave  proceeding  from  F  must  arrive 
at  the  same  point  at  the  same  time ;  and  the  same  will  be  true  of  all 
points  ia  the  dark  curve  1 1.  The  same  observation  will  also  be  ap- 
plicable to  the  curve  1'  1',  only  that  in  this  case  the  distance  of  any 
.  point  from  r  exceeds  its  distance  from  F'  by  half  an  undulation. 

Thus  it  appears  that  the  waves  propagated  iVom  the  centres  p  and 
y  always  intersect  on  the  dark  curves  1 1  and  1'  1'  under  contrary 
phases,  and  conseqxieatly  obliterate  each  other's  effects  and  produce 


The  distance  of  any  point  in  the  bright  curve  2  2  from  f'  esceeda 
the  distance  of  the  same  point  from  F  hy  the  length  of  a  complete 
undulation ;  consequently,  if  the  crest  of  a  wave  proceeding  from  e' 
arrive  at  any  point  in  such  lice,  the  crest  of  the  preceding  wave  pro- 
ceeding from  F  must  arrive  at  it  at  the  same  time ;  and  the  same  will 
he  true  for  every  point,  so  that  throughout  this  bright  line  2  2  the 
intersecting  waves  increase  each  other's  effect.  The  same  will  be  true 
of  the  hne  2'  2'.  Hence  the  illumination  produced  along  these  twu 
bright  curves  will  be  equal  to  the  sum  of  the  illuminations  proceed- 
ing from  the  two  fool. 

In  the  same  manner,  it  appears  that  the  distance  of  any  point  on 
the  dark  curve  3  3  irom  f'  exceeds  the  distance  of  the  same  point 
from  F  by  the  length  of  an  undulation  and  a  half,  and  the  same  con- 
sequences as  in  the  case  of  the  first  curve  follow,  so  that  the  waves 
intersecting  on  the  dark  curves  3  3  and  3'  3',  meet  under  opposite 
phases  and  obliterate  each  other. 

It  is  evident,  therefore,  that  the  several  hyperbolic  curves  formed 
by  the  succesave  light  and  dark  Hues  on  either  side  of  the  central 
bright  line  o  0  derive  their  character  from  the  multiple  of  only  half  a 
wave's  length,  which  esptesses  the  difference  between  the  distauce  of 
their  successiTe  points  from  the  two  centres  of  undulation  f  and  f', 
which  are  the  common  foci  of  all  the  carves ;  and  this  multiple  is  in 
such  case  the  length  of  the  transverse  asis  of  the  hyperbola,  of  which 
the  poiat  o  is  the  centre. 
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The  spaces  iiiterveniDg  between  the  bright  and  dark  curves  OMf- 
tespond  to  points  where  waves  intersect  under  phases  whict  are  neither 
perfectly  coincidetit  nor  petfeotly  opposite,  and  where  consequently 
they  only  partially  efface  each  otbor.  Hence  the  light  gradually 
diminishes  in  these  spaces  between  the  bright  and  the  dark  curves. 
The  diffei-enee  between  the  distances  of  these  intermediate  points  from 
the  foci  F  and  p'  osceeds  a  complete  number  of  half  undulations  by  a 
quantity  which  is  less  than  half  an  undulation. 

1232,  How  the  phenomena  of  inlerference  are  affected  by  tJie  dif. 
f  f     g'^'^'  '      f  d'ffer       homogeneous  lights.  —  In  what 

J       b        h  ted       h      be      assumed  that  the  light  proceeding 

fmhpo  J  hmg    eons  light.     Now  there  are,  as 

bb         hwn  pesfh  mogeneouB  light,  differing  from 

h  f     g  1  1  d     1      ;  and  it  is  necessary  to  esplain 

h  p  1  y    f     &  ngibility  anc!  colour  affects  the 

ph      m  f    1     h  tl»       d  d    k    uwea  just  explained.     We  find 

d      ly    1      by  ca       g  pe     1    of  homogeneous  light  of  differ- 
1  d     fra  g  V  u  terseet  as  above  described,  the 

bgh        ddk  fmdby  heir  interference  retain  the  cha- 

te     f   li    byj    b  1        d    h       1  hough  their  general  disposition 
h       d  h  11  s  the  same,  they  ai'e  at  different 

dcefmhh         h  o  say,  the  distance  of  the  first 

b     h  2  2  f   m  h  11       o  o,  as  well  as  the  distance  of 

any  two  correspo  di  g  c  \  f  m  e  ch  other,  are  different  for  differ- 
ent species  of  homogeneous  light.  In  general,  the  more  refrangible 
the  light  is,  the  nearer  are  the  bright  curves  to  each  other.  Thus  tte 
distance  between  one  briglit  curve  and  another  for  violet  or  blue 
colour  is  less  than  the  distance  between  the  corresponding  bright  lines 
for  red  or  orange  colour. 

1233.  The  lengths  of  the  undulalions  of  the  different  homogeneous 
lights  computed  from  the  pMnomena  of  interference.  —  By  an  esact 
measurement  of  the  dark  and  bright  hyperbolic  curves  produced  by 
each  species  of  homogeneous  light,  aided  by  their  known  geometrical 
properties,  Fresnel  was  enabled  to  deduce  from  these  curves  the  lengths 
of  the  undulations  of  the  ethor  which  correspond  to  each  species  of 
homogeneous  light.  The  following  are  the  results  of  h'  ' 
and  ealonlations : — 
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Colour  of  homoscneous  Light. 

SS:1, 

S-mbsvol  ut,a<i- 

E  treme  violet 

160 
16T 
173 

180 
187 
194 
205 
209 
217 

285 
244 
264 

62,500 
59,880 

66,497 
65,556 
63,422 
51,546 
48,780 
47,847 
46,083 
44,444 
43,480 
42,659 
40,983 
39,870 

yXV  ~_°..':.."::":'".'.";".::;:: 

1234.  Effects  of  the  interference  of  compound  solar  light. — Since 
the  distances  between  the  bright  and  dare  curves  are  different  for 
each  species  of  homogeneous  light,  it  follows,  "that  if  the  light  which 
radiates  from  E  and  r"  be  white  solar  light  which  is  composed  of  all 
the  colours  of  the  spectrum,  we  shall  have  all  the  systems  of  bright 
and  dark  curves  which  wonld  be  separately  produced  by  each  of  the 
compooent  paits  of  the  solar  lights  supoipo^ed,  and  a  mistuie  of 
colours  will  consequently  ensue  which  will  produce  lows  of  fringes, 
the  tolours  of  which  will  be  determined  by  the  pismatio  tinti  which 
will  be  thus  mingled  together 

A  complete  acalytis  of  the  combination  of  colour  which  would  pro 
duce  these  frinire'i  in  the  case  of  sslar  light  would  he  extremely  com- 
plicated     ^MOf  \\<-\    bM\i\pi    iiiiy  liH  foi-med  of  the  manner  m 

which  ihf-     ji    luced  hom_/?g'  39b,inwhich 

the  reUu  i   (Iil  hght  and  dark  curves  pro- 

duced by  the  three  homo- 
geneous lights,  red,  green, 
ani  viokt,  aie  represented 
The  *.ries  of  red  fiiagw 
with  tbeii  alternate  oaik 
spaces  aie  lepiesfnted  by 
mt,  the  seiieB  of  gieeu 
ttnpes  lie  rtpitsented  by 
^  J       II  G  G,    and    that    of    violet 

stupes  by  v\      If  these 
be  consideied  instead  of  heing  phced  as  in  the  figure  one  above  the 
othei,  to  be  superposed,  the  effects  which  would  be  produced  by  a 
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light  pTOccedini  from  tte  two  foci  S  and  p'  composed  of  ttese  three 
oolourB  may  }iq  inferred. 

1235.  Iitfiection  or  diffraction  of  ligJit.  —  If  tbe  rays  of  light 
diTerging  from  a  fooua  ^,fig-  397.,  be  incident  upon  an  opaque  object 
A  B,  all  those  i-ajs  of  tlie  pencil  which 
are  included  vrithin  the  angle  a  r  b  will 
be  intercepted,  so  that  a  screen  held  at 
C  D  will  receiye  none  of  thoae  rays. 

If  the  lines  r  A  and  F  B  be  continued 
to  A'  and  b',  they  will  include  upon  the 
screen  those  spaces  which  would  have 
been  illuminated  by  the  rays  proceeding 
from  F,  which  are  intercepted  by  the 
opaque  body  ab.  All  the  rays  of  the 
Fig.  397.  pencil  included  in  the  angles  A  F  c  and 

B  F  D  will  proceed  uninferruptedly,  and 
will  falj  upon  the  screen.  If  these  rays  underwent  no  change  of 
direction,  they  would  iUumiuate  those  portions  of  the  screen  included 
between  o  and  a'  and  d  and  B'.  There  would  thus  be  an  exact  and 
weE-defined  shadow  of  tlie  object  a  b  formed  upon  the  screen  at  a'  b', 
aud  the  remainder  of  the  screen  would  be  illuminated  in  the  same 
manner  as  it  would  have  been  if  the  opaque  body  A  B  had  not  been 
present. 

It  is  found,  however,  by  esperiment,  that  no  such  exact  and  well- 
defined  shadow  of  the  opaque  ob'  twuldb  f  n  d  up  n  th  n. 
The  outline  of  the  apace  whi  hwudmanx  adgn  i- 
oal  shadow  of  a  b  being  determ  nd  fun  b  whnh  poe 
light  will  enter,  and  that  oufsid  his  p  n  n  is  not 
the  same  as  it  would  have  been  fh  Ehdnbannr- 
posed. 

From  this  it  is  inferred  that  h  gb    wh       p        h     dge 

A  B  of  the  opac^ue  object  do  n      p         d  in  th    ■mm  h     nes 

A  a'  and  BB*,  m  which  they  w  da  pocddfhep  (|ue 
object  were  not  present.  lu  a  w  d  h  appes  ■a  f  h  edg  of 
the  shadow  Js  not  a  well-defined    n       p  gh         mn        fm 

the  dark  part  of  the  screen,  bi  g    du     y  n    b  i!- 

lianoy  from  the  illuminated  pa       fh  ntoh      nn      hhe 

shadow  becomes  decided. 

This  effect  produced  by  the  edg  f  npjubdy  pnb  ^ht 
passing  in  contact  with  them,  by  which  the  rays  are  bent  out  of  their 
course  either  inwards  or  outwards,  is  called  inflection  or  diffraction. 

This  phenomenon  is  a.  consequence  of  the  general  property  of 
andnlafion  esplained  in  the  Theory  of  Undulation  (see  Handbook  of 
Sound,  810,  811,  and  812).  When  the  system  of  waves  propagated 
round  F  aa  a  centre  encounters  the  obstacles  A  b,  subsidiary  systems 
of  undulation  will  be  formed  round  a  and  B  respectively  as  centres, 
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and  will  te  propagated  from  ttoaa  pointa  independently  of  and  simul- 
taneously witt  the  ori^nal  system  of  waves  nliose  centre  ia  r,  and 
which  will  also  proceed  towards  0  a'  and  d  b'.     In  a  certain  space 
round  the  Unes  a  a'  and  b  b',  along  which  the  rays  graaing 
the  edge  of  the  opaque  body  would  haye  proceeded,  the 
>  systems  of  undidatiou  will  intersect  each  other  and 
prodaoe  the  phenomena  of  interference. 

1236.  ComMned  effects  of  infection  and  interference. — 

If  the  opaque  body  A  b  be  very  smali,  and  the  distance  of 

the  focus  r  from  it  be  considerable,  the  two  pencils  formed 

by  inflection,  of  which  a  and  b  are  the  foci,  will  intersect 

each  other  as  represented  in_^.  898.,  and  in  this  case  all 

the  phenomena  of  interference  already  described  iu  1231. 

will  ensue.     Thus,  if  the  light  be  homogeneous,  a  bright 

n     f      ht  will  be  formed  under  the  centre  of  the  opaque 

b  B,  outside  which  will  be  dark  lines,  and  then 

h  an  1  dark  lines  alternately.     If  the  atrangment  of 

h  nea  be  examiaed,  they  will  be  found  to  be  hyper- 

b        a    exhibited  irijig.  895.,  and  to  vary  in  their  rela- 

nce  with  the  quality  of  the  light  which  radiates 

'  ^     ^     f   m  h    focus  E.     If  the  light  radiating  from  such  focus 

be      n  p  und  sol      light,  then  a  series  of  coloured  fi'inges  will  be 

forn  d  IS   Ire  dy    xplained. 

1237  E  P  y  J  '^  effects  of  infleelion  and  interference. — The 
variety  of  optical  phenomena  produced  by  light  passing  the  edges  of 
small  opaque  objects,  or  small  openings  made  in  opaque  plates,  is  in- 
finite. The  principles,  however,  on  which  all  these  appearances  are 
explained,  are  the  same. 

The  following  esperiments  form  examples  of  the  variety  of  which 
these  phenomena  are- susceptible. 

X.  If  a  small  sphere  formed  of  any  opaque  substance  be  suspended 
in  a  dark  room,  and  a  pencil  of  homogenous  light  be  allowed  to  fall 
upon  it,  so  that  its  sh^ow  may  be  received  upon  a  screen,  it  will  be 
found  that  a  bright  spot  will  appear  in  the  middle  of  the  shadow,  out- 
side which  will  be  a  dark  circle,  beyond  which  there  will  be  a  bright 
circle,  and  beyond  that  a  dark  circle,  and  so  on,  the  circles  -o  t  sp  nd 
ing  successively  to  the  interference  of  the  rays,  by  which  tl  e  b  1 
lianoy  is  either  doubled  or  extinguished,  and  the  colour  of  the  b  j^ht 
circles  corresponding  to  that  of  the  ligbt. 

If  the  light  which  fells  on  the  sphere  in  this  case  be     n  j  un  I 
solar  light,  the  central  spot  on  the  screen  will  be  white,  and  w  11  be 
surrounded  by  a  series  of  coloured  fringes,  produced  by  th     up 
position  of  the  coloured  rings  which  would  be  produced  seja    t  ly  by 
each  compound  of  the  solar  light. 

II.  If  a  flue  wire  or  sewing-needle  be  held  clcae  to  one    ye  the 
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other  being  closed,  and  be  looked  at  so  as  to  be  projected  upon  tbe 
liglit  of  a  window,  or  a  white  screeD,  several  needles  will  be  seen. 

III.  If  tbe  eye  be  directed  in  a  dark  room  to  a  narrow  slit  in  tiie 
window-sliuttar  by  wbich  light  is  admitted,  several  slits  will  be  seen 
separated  by  dark  bacds. 

IV.  If  a  piece  of  card  having  a  narrow  incision  made  in  it,  be  held 
between  the  eye  and  a  candle,  a  series  of  slits  will  be  seen  parallel  to 
each  other,  eshibitiog  the  colours  of  the  spectrum.  The  same  ap- 
pearance maybe  produced  with  increased  effect  by  looking  through 
the  slit  at  the  sun-light  admitted  through  an  opening  in  the  window- 
shutter. 

1238-  PJienomena  of  interference  of  light  reflected  and  refracted 
hy  thin  iransparent  lar^iinee. — It  has  been  already  shown  that  when 
light  passes  from  any  transparent  medium  to  another  of  different 
density,  a  part  of  it  is  reflected  from  their  common  surface,  and  a  part 
only  transmitted.  Thus,  when  light  passing  through  air  is  incident 
upon  the  surface  of  glass,  a  certain  part  of  it  is  reflected  from  such 
snrface,  but  the  greater  part  enters  it.  When  that  portion  which 
penetrates  the  glass  arrives  at  the  second  surface,  which  separates  tbe 
glass  from  the  air,  on  the  other  side  a  like  effect  ensues,  a  portion  of 
the  light  is  reflected  from  the  second  surface,  the  greater  part,  however, 
penetrating  it,  and  pasdng  into  the  air.  There  are,  therefore,  two 
systems  of  reflected  rays,  one  reflected  from  the  first  suiface  of  the 
glass,  and  tbe  other  by  the  second  surface. 

The  first  system  of  reflected  rays  is  thrown  back  immediately  into 
the  air ;  tbe  second  system  iahw  tohg  dmeb 

pass  through  the  fii'st  suiface  g        b  ui      m      h 

If  tbe  two  surfaces  wbich  th  y     fl      a  p  h 

light  which  passes  through  the  tra    p  m  d  um  b  se  o- 

gether,  and  if  they  be  not  pr         y  p  h       fl  w  11 

intersect  each  other,  and  produ      h    ph      m  la 

1239.  Iridescence  of  fsh-  p-h  b  he  p 
feather's,  &!C.  explained. — Hence  h  be  p- 
pearances  of  iridescence  wbich  b  b  wh  ti  p  n 
sulffltacoes  are  exhibited  in  sufficiently  thm  plates  oi  laminse,  the  pns 
matic  colours  observable  in  the  scales  of  fishes,  in  spirit  of  wine  spread 
in  thin  films  on  dark  surfaces,  in  oil  thinly  diffused  over  tbe  surface 
of  water,  and  the  thin  laminEB  of  crystals  and  soap-bubbles,  and  bub- 
bles of  glass  blown  to  extreme  tenuity,  in  tbe  laminas  of  mother-of- 
pearl,  and  in  the  wings  of  insects  and  feathers  of  birds. 

1240.  JTewton's  experimental  illnslralion  of  the  physical  lavis  of 
such  phenomena. — In  these  and  similar  eases,  the  forms  and  thinness 
of  the  various  laminse  being  irregular,  tbe  iridescence  affords  no  indi- 
cations of  general  laws.  Newton,  however,  by  a  aeries  of  beautiful 
esperimente,  reduced  these  phenomena  to  a  form  in  which  he  was 
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enabled  to  determine  tlieir  laws,  and  hj  wMuL  ttey  have  Binee  been 
shown  itt  a  rlgorows  manner  to  be  consequences  of  the  principle  of 
linterferetice. 

Newton  placed  a  flat  plate  of  glasa,  B  E,Jig.  399.,  of  uniform  tbin- 
nss9,  upon  a  convex  lens  a  DB,  of  a  very  siiglit  degree  of  convexity, 


Fig.  399. 

60  tbat  tbe  Bnrfaoe  of  the  two  glasses  si 
ingly  minute  spaces,  even  at  considerab. 
contact  0.     By  tliiB  expedient  a  piano 
thinness  was  formed  by  the  two  glasses. 

Let  ns  now  suppose  homogeneous  light  to  fall  upon  the  surface 
D  E.  The  appearance  will  be  that  of  a  dark  spot  in  ihe  centre  0, 
surrounded  bj  a  bright  ring,  outside  which  is  a  dark  ring,  followed 
by  a  bright  ring,  and  so  on,  a  series  of  bright  and  dark  rings  being 
formed  round  the  oentral  black  spot. 

If  homogeneous  light  of  different  colours  be  successively  thrown 
upon  the  gfiss,  a  system  of  rings,  such  as  here  described,  will  in  each 
case  be  produced;  but  their  diameters  will  be  different,  the  rings 
being  closer  together  for  the  more  refrangible  than  for  the  less  refran- 
gible lights.  .  If  compound  solar  light  be  allowed  to  iall  upoa  the 
glass,  a  series  of  rings  will  be  formed  of  colours  which  would  be  pro- 
duced by  the  superposition  of  all  the  systems  of  rings  which  are  sepa- 
rately formed  by  the  various  homogeneous  lights  which  form  the 
compound  solar  light, 

1241.  J^ewton's  coloured  riitgs  explained  by  interference. — These 
phenomena,  which  were  espluined  by  Newton  upon  an  hypothesis 
called  by  hiin  the  Iheory  of  fits,  of  easy  refleotion  and  transmission, 
are  easily  explicable  upon  the  principle  of  interference. 

When  homogeneous  light  falls  upon  the  glass,  a  portion  of  it  is 
reflected  from  the  under  sui'ftce  of  the  plate  D  E,  which  separates  the 
glass  from  the  thiu  plano-concave  lens  of  air.  Aaother  portion  ia 
reflected  after  passing  through  tbe  air  from  tbe  eonvex  surface  of  the 
glass.  These  two  systems  of  .rays  being  reflected  from  snrfaces  not 
precisely  parallel,  intersect  each  other,  and  alternately  destroy  or 
increase  each  other's  effect,  aeoording  as  the  waves  of  light  meet  under 
the  same  or  different  phases.  The  dark  rings  comprehend  tbe  inter- 
sections'  under  different  phases,  and  the  light  rings  the  intersections 
under  tho  same  phases. 

The  tiiinness  of  the  lens  of  air  at  the  successive  dark  and  bright 
rings  respectively  determine  the  difference  between  the  lengths  of  the 
tJ  _     m 


IntersectiDg  rays  measured  from  their  origin  to  either  point  of  jnter- 
sedioQ,  and  thus  show  where  the  point  of  iatersectiou  comprehenda 
the  waves  meeticg  under  the  same  or  under  different  phases.  The 
measurement  of  this  thinness,  accordingly,  at  the  bright  aad  dark 
rings,  is  found  to  be  in  entire  acoordanoe  with  the  calculations  already 
made,  and  esplaiued  in  the  table  of  the  length  of  the  waves  of  homo- 
geneous light  of  dilfBreat  ooloura. 


CHAP,  xviir. 


1242.  Transparent  media  resolved  into  two  c /asses.— Transparent 
substances  consist  of  two  cJasses,  which  present  optical  phenomena 
depending  on  certwn  physical  properties  inherent  in  the  constitutJOH 
of  each  class  of  media  respectively. 

The  phenomena,  both  optical  and  physical,  suggest  in  the  first  class 
the  supposition  that  they  consist  of  molecules  which  are  uniform  ia 
their  form  and  reciprocal  effects,  so  that  the  forces  which  they  exercise 
one  upon  the  other  are  the  same  in  every  direction.  To  fbis  class 
belong  every  species  of  feriform  fluid,  all  liqnida,  and  certain  trans- 
parent solids,  such  as  glass,  when  properly  annealed. 

1243.  Single  refracting  media. — In  all  these  substances  the  con- 
sfituent  riolecules  appear  to  be  so  arranged,  that  we  might  conceive 
them  to  be  spherules  of  matter,  fi'ora  &e  centres  of  which  forces 
emanate  which  are  equal  in  every  direction. 

1244.  Double  refracting  media. — The  second  class  of  substances, 
which  includes  crystallized  minerals,  generally  exhibits  phenomena 
which  lead  to  the  supposition  that  their  constituent  molecules  are  not 
spherules,  or,  at  least,  that  they  do  not  exercise  like  forces  in  all  direc- 
tions round  their  centres.  The  phenomenon  of  crystallization,  ex- 
plained in  the  Handbook  of  Mechanics,  sections  60-66.,  itself  suggeste 
this  snppoation;  for  ■when  a  substanoa  passes  ftom  the  liquid  to  the 
solid  state,  and  undergoes  the  process  of  crystallization,  the  particles 
afi^ect  a  particular  arrangement  with  reference  to  one  another,  so  as  to 
present  themselves  towards  each  other  iu  certain  directions,  as  if  they 
had  sides  which  mutually  attracted  or  repelled  each  other. 

1245.  Effects  of  an  uncrt/slallixed  medium  on  Ugltl.  —  To  render 
more  clearly  inteHigjble  the  effecte  produced  by  crystallized  substances 
on  light  transniittM  through  them,  we  shall  first  briefly  recapitulate 
the  effects  produced  on  rays  of  light  by  an  ordinary  transparent  un- 
crystallized  medium,  such  as  air,  water,  or  glass. 

Let  us  suppose  such  a  substance  reduced  to  the  form  of  a  sphere, 
which,  if  it  be  gas  or  liquid,  may  be  done  by  encloang  it  in  a  thin 
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,  if  it  he  a  solid,  it  may  be  reduced  to  the  spteri- 

Let  E  s  Q  s,  Jig.  400.,  represent 
a  section  of  this  transparent  sphere, 
and  E  p  Q  o  another  section  at  riglit 
angles  to  it. 

Let  Z  N  and  I  N  represent  two 
rays  of  homogeneous  light  inoident 
at  H,  one  ia  a  direction  whieh,  be- 
ing continued,  would  pass  through 
the  centre  0  of  the  sphere,  and  the 
other,  IN,  in  a  direction  oblique  to 
the  former. 

If  the  sphere  be  composed  of 
non-erjstallized  transparent  matter, 
the  ray  z  H  will  pass  through  it, 
pursuing  the  ori^nal  direction,  and 
consequently,  aft«r  passing  the  cen- 
tre C,  will  emerge  from  the  lowest 
point  S  in  the  direction  8  T,  so 
that  its  course  shall  be  in  no  wise 
changed  by  the  transparent  medium 
through  which  it  has  passed;  but 
Fig-  400.  the  ray  I  N,  which  fells  obliquely 

at  the  point  n,  will,  according  to  the  law  of  refraction  already  es- 
plaJned,  be  deflected  from  ifs  course  towards  the  diameter  n  o  e,  and 
will  follow  a,  direction  such  as  N  it,  which  makes  an  angle  wiih  N  s 
less  than  that  which  I  n  makes,  with  n  z. 

The  laws  which  govern  in  this  case  the  refracted  ray  are  as  fol- 

1.  If  the  incident  ray  be  perpendicular  to  the  surface  at  fie  point 
of  incidence,  its  direction  will  not  be  changed  in  passing  through  th& 
transparent  medium. 

2.  If  the  incident  ray  form  an  angle,  such  as  I  N  z,  with  the  per- 
pendicular N  Z  at  the  point  of  incidence,  then  the  refracted  ray  n  a 
will  form  an  angle  with  the  game  perpendicular  n  z,  or  with  its  pro- 
duction N  s,  the  plane  of  which  will  coincide  with  the  plane  of  the 
angle  of  incidence  z  n  i. 

3.  If  the  angle  of  incidence  I  N  z  be  varied,  the  angle  of  refrac- 
tion E  N  8  will  be  also  varied,  but  in  such  a  manner  that  the  ratio  of 
the  ane  of  the  angle  of  incidence  i  k  z  to  that  of  the  angle  of  refrac- 
tion R  N  s  shall  always  be  the  same,  so  long  as  the  transparent  me- 
dium into  which  the  ray  passes  ia  the  same. 

4.  If  while  the  incident  rays  z  N  and  I  N  preserve  their  position, 
the  sphere  be  turned  round  its  centre  o,  so  as  to  bring  successively 
every  part  of  its  surfece  to  coincide  with  the  point  of  incidence  k,  the 
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refracted  ray  K  R  will  still  mtiintain  the  same  direcllon  and  poaitiou, 
and  the  ray  z  N  will  still  pass  througk  tlie  centre  of  tlie  sphere  C,  no 
matter  wtiat  position  may  be  giyen  to  the  sphere,  so  long  ae  the  po- 
sition of  its  centre  c  remain  unchanged. 

Thus  the  direction  and  position  of  the  incident  rays  I N  and  Z  n, 
and  of  the  refracted  rays  h  a  and  n  s,  will  remain  fixed,  although  the 
transparent  sphere  which  they  penetrate  may  he  clianged  in  an  infi- 
nite variety  of  ways,  so  as  to  bring  all  its  points  in  sucoe^ion  to  coin- 
cide with  the  point  of  incidence  n  of  the  rays. 

Sueh  are  the  phenomena  which  are  produced  when  the  rays  r  n  and 
Z  N  are  incident  upon  a  sphere  composed  of  unerystallized  transparent 
substance.  The  same  phenomena  will  always  prevail  in  the  ease  even 
of  oei'tMn  crystallized  substances;  but  in  the  case  of  other  crystal- 
lized media,  difierent  and  far  more  complicated  phenomena  are 
developed,  which  we  shall  now  proceed  to  esplain. 

1246.  Effectsof  certain  media  on 
light. — Let  a  sphere  be  formed  of 
one  of  the  class  of  crystals  of  which 
Iceland  spar  or  the  crystallized  car- 
bonate of  lime  is  a  specimen,  and  let 
' '  I  sphere  be  submitted  to  the  Sam 


intheformercase,  WhentheraysiK 
and  z  N,  ^.  401.,  penetrate  tho 
sphere  at  n,  tliey  will  each  of  them  be 
^  Q  resolved  into  two  rays,  one  of  which, 
in  the  figiira,  is  indicated  by  the  uni- 
form line,  and  the  other  by  the  dotted 
line.  The  rays  indicated  by  the  nni- 
form  lines  N  s  and  N  B,  will  conform 
to  th  e  laws  of  refraction  which  prevail 
in  uncrystallized  media ;  that  is  to 
say,  the  ray  n  s  will  pass  through  the 
centre  of  lie  sphere  c,  preserving  the 
direction  of  the  incident  ray  z  N, 
which  strikes  the  surface  of  the 
sphere  at  r  in  a  pei-pendicalar  ditec- 
lioi),  and  the  ray  N  B.  will  be  in  the  plane  of  the  angle  of  incidence  IN  Z. 
Also,  if  the  ray  I N  bo  made  to  fall  at  N,  so  aa  to  form  any  other  angle 
of  incidence,  the  ray  n  r  will  vary  its  inclination  to  the  perpendicular 
N  a,  in  conformity  with  the  law  of  refraction,  which  estflbliaheB  a  con- 
stant ratio  between  the  sines  of  the  angles  of  incidence  and  refraction. 
But  none  of  these  characters  are  found  to  attend  the  other  rays 
N  s'  and  N  r',  into  which  the  original  incident  rays  are  resolved  by 
the  crystal.  ^ 

The  ray  n  s',  although  proceeding  from  the  ray  Z  N,  which  is  inci- 
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dent  perpendicularly  at  the  point  »,  does  not  penetrate  the  medium 
in  the  same  direction,  but  makes  a  certain  angle  s'  N  9  ■witL  the  per- 
pendicular. Thus,  in  the  case  of  this  ray  there  is  an  acute  angle  of 
refraction  corresponding  to  perpendicular  incidence.  In  the  ease  of 
the  ray  N  it'  it  is  found  that  it  deviates  on  the  one  side  or  the  other 
of  the  plane  of  the  angle  of  incidence  i  n  z,  and  thus  this  ray  violates 
that  general  law  of  common  refraction  which  declares  that  the  plane 
of  the  angle  of  refraction  coincides  with  the  pkue  of  the  angle  of  in- 

If  the  angle  formed  by  the  incident  ray  i  N  ■with  the  perpendicular 
z  N  be  varied,  tho  angle  which  the  refracted  ray  N  B.'  makes  with  the 
perpendicular  n  a  will  be  also  varied,  but  not  according  to  the  law  of 
sines  which  prevails  in  the  case  of  ordinary  re&action, 

1247.  The  ordinary  and  extraordinary  rays. — Thus  it  appeai-s 
that  in  Buch  cryatallized  media  the  incident  ray  is  resolved  into  two 
rays,  one  of  which  conforms  to  the  laws  of  common  refraction,  and 
the  other  violates  them,  and  is  regulated  by  other  and  different  c( 
ditiona.  The  two  raya  into  which  the  incident  ray  is  thns  i 
are  called  the  ordinary  and  extraordinary  rays ;  that  which  ci 
to  the  laws  of  common  refraction  being  called  tie  ordinary,  and  that 
which  violates  them  the  extraordinary  ray. 

If  the  sphere  be  now  supposed  to  be  moved,  as  before,  round  its 
centre  c,  so  as  to  bring  successively  all  tho  points  of  its  surface  to 
coincide  with  the  point  of  incidence  n,  it  will  be  found  that  the  ordi- 
nary rays  N  B  and  N  B  will  preserve  their  direction  and  position  fised 
in  aU  positions  which  the  sphere  shall  assume ;  but  that  the  direction 
and  position  of  the  estraordiuary  rays  N  s'  and  n  a'  will  vary  with 
every  change  of  position  of  the  sphere.  They  will  sometimes  ap- 
proach to,  and  sometimes  recede  from  the  ordinary  rays;  and  they 
will  sometimes  deviate  on  one  side,  and  sometimes  on  the  other,  of 
the  plane  of  the  angle  of  incidence;  but  in  all  oases  there  will  be  a 
masimum  deviation  from  the  ordinary  ray,  which  will  not  be  exceeded, 

1243.  The  axis  of  double  refraction.  —  By  varying  the  poatioa 
of  the  sphere  so  as  to  bring  the  various  points  of  its  surface  to  coin- 
cide with  the  point  of  incidence  N  a  point  will  be  found  upon  it  at 
wbhh  d       yJ^fwIl  dwhbe  ordinary  ray 

N        As    h     1  pp       hes    h    p    n    N    h        glo  a'  n  S  under 

1  1      ^  dyrawUbeb         d  continually  to 

ImbnffecwhhwUdtehh  f  position  neces- 

y        bghdu-dp         to  dwihhe  point  of  in- 

d  N 

Tl     p  f    h     ph        b      p       ts  1  ve  character,  in 

f  wb  b  h  1  y  z  N  11  other  points,  re- 

1dm  w  y  1  J  ss  h  gb  h  ph  in  the  direction 
N  !y  w    U  pas     h      gb  a  jh  posed  of  an  un- 
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Tlie  dia,metei-  of  the  sphere  wticli  posscssoa  this  property  is  called 
its  optical  a:eis,  or  tlie  cucis  of  douhk  refraction,  being  the  only  line 
in  the  sphere  along  which  a  ray  of  ordinary  light  can  pass  without 
being  decomposed  into  two. 

1249.  Laws  of  double  refraction.  —  Having  tins  determined  this 
optica!  asia  of  the  sphere,  let  na  next  examine  the  conditions  which 
affect  a  ray  of  light,  such  as  KwhhfU  Ihqly  h  x  my 
of  such  optical  axis. 

-  -      ■ Pb  "" 


Let  Ncs,/^.  402., 


ZN  wll  ha 
pi       d  pa. 


h        JTH    1 

a  h    h 


N  k'  will 


i  n    y  m  dium      Th  n 

wh  h   f  11      bl  qn  ly        n    w  11 
h  w  I     d    bly      f      ed       d 

wllb  Idtoh       d       y 

NR       d    h  d      7     y 

N  R      B       I        xtrao  d       y     y 
NR    wll  h  f 

one  of  the  laws  of  ordmaiy  refrac- 
tion, for  it  will  invariably  lie  ia  the 
plane  of  the  angle  of  incidence 
I N  Z ;  and  so  long  as  the  angle  of 
'  incidence   shall  not  be  varied,  the 

direction  of  this  extraordinary  ray 
will  remain  the  same.     This  may 
be  proved  by  causing  the  sphere  to 
While  it  30  revolves,  the  extraordinary 
I  its  direction,  being  always  in  the  plane 
ot  the  angle  of  incidence,  and  forming  always  the  same  angle  of  re- 
fraction with  the  asis  n  s. 

If  the  incident  ray  in  be  varied  in  ita  inclination,  so  as  to  form,  as 
before,  a  greater  angle  with  z  n,  the  extraordinary  ray  n  r'  will  also 
vary  ita  inclination  to  the  axis  N  s  and  to  the  ordinary  ray  N  R.  But, 
although  it  will  remain  during  such  variation  always  in  the  plane  of 
the  angle  of  incidence,  it  will  not  conform  to  the  invariable  ratio  of 
sines  which  constitutes  the  law  of  ordinary  refraction. 

If  we  suppose  the  incident  ray  r  n  gradually  to  approach  z  n,  so 
that  the  angle  of  incidence  continually  diminishes,  then  the  two  rays 
N  a  and  nb'  will  at  the  same  time  approach  the  asis  n  s  and  each 
other ;  and  whea  the  incident  ray  coinoides  with  z  n,  the  ordinary  and 
extraordinary  rays  nb  and  nb'  will  coalesce  with  the  axis  N  s. 

As,  on  the  other  hand,  tie  inclination  of  the  ray  i  n  to  ZN  is  gra- 
dually increased,  the  ordinary  and  estraordinary  rajs  n  b  and  n  E,' 
will  also  graditally  recede  from  the  asis  n  b,  so  that  their  angles  of 
J04 
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refraction  will  continually  inoresse,  and  tlicy  will  also  recede  from  each 
other. 

1250.  Position  and  negative  crj/stah.— In  the  ease  represented 
in  the  figure,  the  angle  of  refraction  of  the  extraordinary  ray  N  n'  ia 
greater  than  that  of  the  ordinary  ray  N  R,  so  that  the  latter  is  more 
deflected  by  the  refraction  of  the  crystal  than  the  former.  'J-'bis,  how- 
ever, is  not  always  the  case. 

In  some  otystaJs  the  angle  of  refraction  of  the  extraordinary  rays 
is  less  than  that  of  the  ordinary  ray,  and,  consequently,  the  former  is 
more  deflected  towards  the  perpendicular  than  the  latter. 

Crystals  are  accordingly  resolved  into  two  classes,  based  upon  this 
distinction ;  those  in  which  the  extraordinary  ray  is  less  deflected  than 
the  ordinary  ray  being  called  negative  crystals,  and  those  in  which  it 
is  more  deflected  positive  crystals. 

It  is  evident  that  in  the  former  caso  the  index  of  ordinary  refraction 
is  greater,  and  in  the  latter  less  than  the  index  of  extraordinary  re- 
fraction. 

It  must  be  observed,  tiat  while  the  incident  ray  varies  its  obliquity 
to  z  N,  increasing  gradually  from  0  to  90",  and  while  the  index  of 
ordinary  refraction  throughout  this  variation  remains  constant,  the 
index  of  extraordinary  refraction  varies  with  every  oliange  of  ob- 
liquity. In  the  case  of  positive  crystals  this  index  increases,  in  the 
case  of  negative  crystals  it  diminishes,  with  the  angle  of  incidence; 
while,  in  all,  it  is  equal  to  the  index  of  ordinary  refraction  when  the 
ray  of  i  n  coincides  with  z  w.  It  increases  and  becomes  a  maximum 
when  I M  is  at  right  angles  to  a  n  in  positive  crystals,  it  diminishes 
and  becomes  a  minimum  when  i  N  is  at  right  angles  to  z  k  in  negative 
crystals. 

1251.  AU  lines  parallel  to  the  axis  of  double  refraction  are  them' 
selves  axes  of  double  refraction.  —  It  is  easy  to  show  that  all  lines 
passing  through  the  ciystal  which  are  parallel  to  the  line  n  S  possess 
also  the  property  which  characterizes  such  axis ;  that  is  to  say,  a  ray 
which  is  incident  perpendicularly  in  the  direction  of  such  lines  will 
penetrate  the  crystal  without  double  refraction.  This  we  may  prove 
by  cutting  a  portion  of  the  crystal  in  a  direction  perpendicular  bo  the 
line  N  S. 

Thus,  at  the  point  p,  let  a  surface  p  p'  be  formed,  which  shall  ba 
perpendicular  to  N  s.  Then  a  ray  s  n,  failing  perpendicularly  on  such 
surface  p  y  will  penetrate  the  crystal  in  the  direction  n  n  without 
double  refraction. 

1252.  ^xis  of  dovhle  refraction  coincides  with  crystallographic 
aMs.—Thus  it  appears  that  the  lines  passing  through  the  crystal  paral- 
lel to  N  s  are  ases  of  double  refraction  as  well  as  the  line  n  a.  On 
comparing  the  direction  of  the  line  N  s  with  the  direction  of  the  planes 
of  cleavage  of  the  crystal,  it  is  found  that  this  line  has  a  direction 
which  is  syrametrioal  with  respect  to  ail  these  planes,  and  that  it  ia 
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ia  fact  tlic  direction  of  the  erystallograpIiiG  axis ;  that  is  to  say,  a  line 
the  directioa  of  whioli  bears  tlie  same  relation  to  all  the  facea  of  the 

1253.   Case  of  Iceland  spar. — Thus  m  the  caae  of  Iceland  spar, 
the  primitive  form  of  wHoae  molaoules  ia  tbat  of  suoli  a  rhomboid  as 
is  represented  in  fig.  403.,  the  crystaEographio  asia 
s  the  diagonal  a  x  joining  the  obtuse  angles  of  the 
'  rhomb.     The  rhomb  itself  is  a  solid  bounded  by  six 
equal  and  similar  parallelogram  s,  whose  obtuse  angles 
B  A  c  and  c  D  B  ai'e  each  101°  55',  and  whose  acute 
angles  a  b  c  and  a  c  d  are  accoi-dingly  each  78"  5'. 
Fie  403  ^^^  inclination  of  the  faces  of  the  rhomb,  which 

meet  at  A,  to  each  other  is  105°  5',  consequently  the 
inclination  of  thoae  which  meet  at  B  is  74°  55'.  The  crystal! ographio 
axis  A  X  is  equally  inclined,  not  only  to  the  three  faces  of  the  rhomb, 
which  meet  at  a  and  x  respectively,  but  also  to  its  three  edges.  The 
angles  which  this  axis  makes  with  the  three  edges  of  the  rhomb  form- 
ing the  angle  A  are  equal  to  each  other,  their  common  magnilwde 
being  66'  44'  46". 

It  ia  evident  from  this  measurement,  that  the  line  A  X  is  symme- 
trically placed  with  respect  to  all  the  elements  which  determine  the 
primitive  form  of  the  crystal,  and  we  thus  find  accordingly  a 
distinct  relation  established,  between  the  optical  and  mineraiogical 
characters  of  this  substance,  so  that  whenever  the  direction  of  its 
crystallographic  axis  ia  required  to  be  ascei'tained,  it  can  be  done  with- 
out any  mechanical  experiment  or  measuvemeatj  by  merely  determin- 
ing that  direction  in  which  a  ray  of  light  incident  perpendicularly  on 
a  surface  of  the  crjatal  will  pasa  through  it  without  double  refraction. 
What  has  been  here  stated  with,  regard  to  Iceland  spar  will,  mu- 
tatis mutandis,  be  applicable  to  a  numerous  class  of  crystallized  sub- 
stances, which  are  distinguished  by  the  denomination  of  ciystals  having 
a  single  asis  of  double  refraction.- 

In  all  auch  crystals  the  crystallographic  axis  coincides  with  the 
optical  axis. 

1254,  General  description  of  the  phenomena  of  double  refraction 
in  uni  arial  eiystah  — In  itterajtiug  to  explain  the  complicated  phe- 
nomena of  double  reimtion  and  other  effects  related  to  them,  much 
e  nvenience  and  clearness  wiU  be  obtwned  by  the  adoption  of  a 
nnmen(,latuie  indioatina  the  position  of  the  axis  of  double  refi-action 
in  CLrtam  sections  of  the  or^tal  inalogous  to  the  well-known  circles 
1  1  m  geography  and  astronomy  for  espressing  the  relative  portion 
of  jomt^  on  the  e^ith  ani  la  the  heavens.  We  shall  therefore  call 
the  estremities  of  the  axis  n  and  s  the  poles  of  the  crystal,  and  a 
section  of  the  crystal  E  P  Q  o,  fig.  402.,  intersecting  this  axis  at  right 
angles  the  equator.  We  shall  also  caU  aO  sections  of  the  crystal  made 
by  planes  passing  through  the  axis  meridians. 
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These  terms  beiag  understood,  it  will  follow  that  whoneYer  the  plane 
of  the  angle  of  Lnoidenoe  coinciiSes  with  the  plane  of  a  meridian,  the 
angles  of  refraction,  hoth  of  the  extraordinary  and  ordinary  rays,  will 
be  in  the  plane  of  the  same  meridian;  hut  the  ratio  of  the  sine  of 
the  angle  of  ineidenee  to  the  sine  of  the  angle  of  esti-aordicary  refrac- 
tion will  not  in  this  case  he  constant. 

If  the  plane  of  the  angle  of  incidence  intersect  the  crystal  at  ri^ht 
angles  to  the  optical  axis  N  s,  and  be  consequently  parallel  to  the  line 
coincident  with  the  plane  of  the  equator,  the  angle  of  extraordinary 
refraction  will  have  ita  plane  eoinoideut  with  that  of  the  angle  of  in- 
cidence, thM  fulfilling  one  of  the  laws  of  ordinary  refraction,  as  is  the 
case  when  the  plane  of  the  angle  of  incidence  coincides  with  the  plane 
of  a  meridian.  But  in  this  case  the  second  law  of  refraction,  which 
establishes  a  constant  ratio  between  the  sines  of  the  angles  of  incidence 
and  refraction,  is  also  fulfilled  by  the  extraordinary  ray,  so  that  when 
the  aagle  of  incidence  ooincides  with,  or  is  parallel  to,  the  plane  of 
the  eqnafov,  the  extraordinary  refraction  fulfils  all  the  eonclations  of 
ordinary  refraction,  although  the  extraordinai'y  ray  does  not  coincide 
with  the  ordinary  ray ;  the  constant  Index  of  refraction  of  the  one  being 
greater  or  less  than  the  constant  index  of  refraction  of  the  other,  ac- 
cording as  the  crystal  is  positive  or  negative. 

There  are  therefore  two  systems  of  planes  which  intersect  crystals, 
one  system  hawg  the  axis  of  the  crystal  as  their  common  line  of  in- 
tersection, and  the  other  having  directions  parallel  to  each  other  and 
perpendicular  to  this  axis.  In  the  former,  one  of  the  laws  of  ordi- 
nary refraetion  is  fulfilled,  and  in  the  latter  both  of  them.  In  the 
former,  the  platie  of  the  angle  of  estraordinary  refractioa  coincides 
with  the  plane  of  the  angle  of  inoidenoe,  but  the  ratio  of  the  sines  is 
not  constant  j  in  the  latter,  the  planes  also  coincide,  and  the  ratio  of 
the  sines  is  constant,  but  not  the  same  as  that  of  the  ordinary  ray. 

1265.  Table  of  imi-axial  crystals.  —  The  following  is  a  table,  ac- 
cording to  Sir  David  Brewster,  of  the  crystals  which  have  a  single 
axis  of  double  refraetion,  arranged  under  their  respective  pi'imitive 
forms;  the  sign  -I-  being  preSKed  to  those  which  have  a  positive  axis 
of  double  refraction,  and  —  to  those  which  have  a  negative  axis  of 
double  refraction. 


Rhomb  miih  ohlme  summit, 

—  CarboaalB  of  lima  (Iceland  apar). 

—  C^'bonate  of  lima  and  iron. 

—  Carbonate  of  lime  and  magnesia. 

—  Phoaphato-arsoDiate  of  lead. 

—  Carbonate  of  Kino. 

—  Niirate  of  soda. 

—  Phosphate  of  lead. 

—  Uuby  silver. 
-L.vjat. 

—  Tourmaline. 


-  Rubellite. 

-  Quarts. 

Shomb  ^ih  acuie  smnmit. 

-  Sapphire. 
-Subj. 

-  CiDnabar. 

-  Arscjiiato  of  copper. 

Jteoogic 


EegulaT  hexahedi-al  prism. 

—  EmBraia. 

—  Beryl. 

—  Phosphate  of  lim«  (apatite). 
^  Nephelins. 

~  Arseniiite  of  lead. 
+  Hjdcata  of  magnesia. 

Octahedron  milk  a  sguucs  base, 

+  Oside  of  tin. 

+  Tungstate  of  lime. 

—  Mellite. 

—  Moljlidate  of  loiii. 

—  Oetohedrito. 

—  Prnseiatfl  of  potassa. 

—  Cjanuret  of  mercury, 


Ri</ht  prism  mih  a  square  base. 

—  Idoorase. 

—  Weroerite. 

—  Faranttiine. 

—  Maionite. 

—  Somervillite. 

—  Ediogtoiiite. 

—  Avseciiite  of  potaesa. 

—  Subphoapiiote  of  potasaa. 

—  Phosphate  of  ammonia  and  mag- 


niokel  and  aopper. 
—  Hydrate  of  stronda. 
+  Apophyllite  of  uton. 
+  Osahyerite. 

+  Superaoetate  of  copper  and  lime. 
+  Titanitfl. 
+  Ice  (certain  orjstals). 

M.  Pouillet,  "Elcmens  de  Physique,"  tome  ii.,  Paris,  1847,  givas 
also  the  following ;  — 

—  IlydrocMorate  of  lime.  1    +  Stannite. 

—  Hyaroclilorate  of  atroatia.  +  Bocaoite. 

+  Mica  de  kariat-  +  Sulphate  of  potassa  and  iron. 

+  Oxide  of  iron.  +  Hydrosiilphatc  of  lime. 

+  Tnagstata  of  lino.  \   +  Red  BJlver. 

1256  Crystals  hao  'ng  two  axes  of  double  refraction.  —  There  is 
n  ther  class  of  crystals  whicb  present  optical  phenomena  still  more 
compl  cated  Let  ns  s  ppose,  aa  before,  one  of  these  formed  into  a 
sphere  and  let  ta  ^at  us  points,  as  heforc,  he  brought  to  coincide 
w  tk  the  1 0  nt  of  no  denoe  n  of  two  rays,  one  of  which,  z  n,  J^. 
40  s  drettei  to  the  centre  of  the  sphere,  aiid  the  other  in  form- 
ng  any  angle  w  th  the  latter.  By  hringing  the  various  points  of  the 
spheiical  surfece  to  comoide  with  the  point  n,  it  will  be  found  that 
two  points,  and  two  only,  upon,  it  possess  the  property  of  transmitting 
the  ray  z  N,  which  faJis  perpendicularly  npon  the  suriiice,  through 
the  object  without  double  refraction.  Tlie  diameters  passicg  through 
these  two  points  have  each  of  them  the  character  of  an  axis  of  doubie 
refraction;  and  the  crystals  oharaoteriaed  by  this  property  are  accord- 
ingly called  crystals  with  two  axes  of  double  refi'aotioa. 

In  this  class  of  crystals  it  is  found  that  neither  of  the  rays  into 
which  the  incident  ray  is  resolved  conforms  to  the  laws  of  ordinary 
refraction ;  that  both  deviate  from  the  plane  of  the  angle  of  inci- 
dence, and  that  neither  of  them  fulfils  the  second  law,  which  deter- 
mines the  constant  ratio  between  the  sines  of  incidence  and  refraction. 

Both  rays,  therefore,  are  extraordinary  rays. 

There  are,  however,  two  planes  in  which  the  angle  of  incidence 
may  be  placed,  in  one  of  which  one  of  the  two  rays  and  in  the  other 
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he  other  w  II  conf  im  to  both  the  laws  of  ordinary  lefrarti^a,  w  that 
n  these  ilani,')  one  or  olher  of  the  two  estra  rdmaiy  rajs  lieooioes 
a  ordiuarj  ray  Tke  pos  tioa  f  tlit,se  j  lanes  lu  di„teiiaiin,  1  Vy  the 
bllomug  (.oiilit  ii 
Let  N  anl  K  s  Jig  404  be  the  two  axes  of  d  uWe  refnetion. 
Let  P  p'  be  a  hne  which  divides  into 
equal  parta  the  angle  N  C  n'  formed 
bj  these  two  angles,  and  let  Qq'  be' 
a  line  which  divides  into  equal  paria 
the  other  angle  s'  C  s  formed  by  tlie 

If  a  plane  pasa  through  c  perpeu- 
djcular  to  P  0,  any  ray  incident  upon 
the  crystal  in  that  plane  will  be  re- 
solved into  two  rays,  one  of  whieh 
will  conform  to  the  laws  of  ordinary 
refraction ;  and  if  a  plane  be  drawn 
perpendicular  to  the  line  qq',  any 
ray  incident  upon  the  crystal  in  that 
^S'  plane  will  be  resolved  into  two,  one 

of  which  will  also  conform  to  IJie  laws  of  ordinary  refraction,  and 
the  ray  which  thus  beeomea  an  ordinary  ray  in  the  one  plane  will 
be  difl'erent  from  that  which  becomes  an  ordinary  ray  in  the  other 
plane.   ' 

1257.  Tab?e  of  bi-aarial  crystals.  —  The  following  list  of  crystals 
having  two  axes  of  double  refraction,  with  the  magnitude  of  the  angle 
included  between  such  axes,  is  given  by  M.  Pouillet  in  the  work  al- 
ready cited. 

TABLE  or  CRYSTALS  WITH  TWO  AXES, 


ha  e  of  n  eke    oerta  n   aanle>) 
S  1[  ho  ear    nate  of  lead 
(.urboQB  «  of  Gtronlia 
firlonate  ot  bfiPjta 


M  ca  (ce  Cam  salaries 


M   a  (oETtiUD.  Bamples) 
Cjmoi-tittna 
Anbydr  te 


7,09 


SI     0 

Mica  (sGveral  samples  examined  bj  M.  Biot} J  32    0 

1S4    0 
L37    0 

Apcpbjllite 85    8 

Sulphate  of  magnesia 37  24 

Sulphate  of  baryta 87  40 

Spermaceti  (about) 87  i'2 

Borax  (native) 38  48 

HitratB  of  zinc 40    0 

Stilbite 41  42 

Sulphate  of  nickel 42    4 

Carbonate  of  ammonia 48  24 

Sulphate  of  aiao 44  28 

Anhydrite  (examined  by  M.  Biot) 44  21 

MioR, 45     0 

LepidoUte 45    0 

Beazoate  of  ammonia 46    8 

Sulphate  of  soda  and  wagnesia 46  49 

Sulphate  of  ammonia 49  42 

Brazilian  topaz 49  to  50    0 

Sugar 60    0 

Sulphate  of  Btrontia 50    0 

Sulpho-hydroohloratB  of  magnesia  and  ivon 61  16 

Sulphate  of  magnesHa  and  ammonia 61  22 

Phosphate  of  soda 55  20 

Comptonite 56     6 

Sulphate  of  lime 00    0 

Oxjnitrate  of  BiJyer 62  16 

lolite 62  60 

Feldspar 63    0 

Aberdeen  topaz 65    0 

Sulphate  of  potassa 67     0 

Carbonate  of  so^a 70     1 

Acetate  of  lead 70  25 

Citric  acid 70  29 

Tartrate  of  poiasaa  and  Boda 80    0 

Carbonate  of  potasaa 80  30 

Cyanite ". 81  48 

Chlorate  of  potawa 82    0 

Epidote 84  19 

Hjdrochlorate  of  copper 84  30 

Peridot 87  66 

Suocinieacid «0    0 

Sulphate  of  iron 90    0 

1268.  Images  formed  hy  double  refracting  crystals.  —  If  a  visible 
object  be  placed  behind  a,  double  refrsicting  crystal,  the  pencil  of  raya 
proceeding  from  each  point  in  it  will  he  resolved  into  two  pencils,  and 
will  emerge  from  the  crjstal  as  if  thej  had  proceeded  from  two  differ- 
ent objects  in  directions  corresponding  to  the  respective  directions  of 
the  two  pencils. 
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An  eye,  therefore,  placed  before  the  crjstal,  so  as  to  receive  tliege 
evaorging  pencils  will  see  two  different  images  of  tlie  object,  corre- 
sponding to  the  two  Bjatems  of  pencils.  If  the  crystal  he  one  Laving 
a  single  axis  of  douhle  refraction,  theu  oue  of  these  images  will  be 
that  prodaced  bj  the  pencils  condsting  of  ordinary  rajs,  and  the  other 
will  be  that  produced  by  pencils  con^sting  of  extraordinary  rays. 

1259.  Ordinary  o«d  extraordinary  imag-e,— The  one  is  called  the 
ordinary,  the  other  the  extraordinary  image. 

Thus,  if  p,  jig.  405.,  be  such  an  object,  and  a  b  C  d  be  a  doubly 
refracting  crystal,  such  as 
Iceland  spar,  the  pencils 
which  proceed  from  p  and 
are  incident  upon  the  sar- 
fiice  B  c  will  ho  divided  into 
two  systems  of  pencils,  the 
axis  of  the  ordinary  sys- 
tem passing  perpendicularly 
through  the  crystal  in  the 
°  d  rect  on  I  o,  and  emerging 

F  g  4  on  the  other   side    in   the 

same  dnection,  so  as  to  meet 
the  eye  at  T.  The  extraordinary  pencils  will  foUow  the  direction  1 1: 
through  the  crystal  and  will  emerge  parallel  to  the  ordinary  pencil 
in  the  direction  EX  so  as  to  leich  the  ey  at  Y'.  An  eye  placed 
■therefore  at  aay  \  omt,  m  looking  towards  the  crystal,  will  perceive  two 
images  of  the  point  ?  in  juxtaposition  in  the  duection  of  the  rays  i'  B 
and  T  o. 

1260.  The  separation  of  ike  images  dependent  on  the  thickness  of 
the  crynlal.  —  It  is  evident  that  the  thicker  the  crystal  is,  the  more 
widely  separated  will  be  these  two  images. 
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A  crystal  of  Iceland  spar  three  inches  thiot  will  be  aufScient  to 

Erodace  a  distinct  separatioa  of  the  two  images  of  a  epherieal  object 
aviag  a  diameter  of  one-third  of  an  inch. 

If  wbile  the  ohjeot  and  the  eye  remain  fixed,  the  crystal  be  turned 
round  the  line  p  T,  joining  the  eye  and  the  object  as  an  asia,  the  ex- 
traordinary image  will  appear  to  revolve  round  the  ordinary  image, 
showing  that  in  this  ease  the  estraordinary  pencil  I E  revolyes  round 
the  ordinary  pencil  I  o,  so  as  to  move  ia  tlio  surface  of  a  cone.  This 
effect  is  in  conformity  with  what  has  been  already  explained. 

If,  after  passing  thi'ough  a  crystal  A  B  o  D,  _fy.  406.,  the  rays  be 
received  by  another  crystal  A  A'  d'  D,  whose  sides  and  ases  have  a 
position  similar  to  those  of  the  first,  the  two  crystals  being  ia  contact 
at  the  surface  AD,  the  ordinary  and  extraordinary  rays  will  pass 
through  the  second  crystal,  following  the  same  direction  as  those 
which  they  followed  in  the  first  crystal,  the  lines  o  o'  aod  e  e'  being 
the  continuation  of  the  lines  I  0  and  i  E. 

1261.  Case  in  %vhich  tioo  similar  cri/slah  neutralhe  each  other. — 
If  the  two  crystals  in  this  case  have  the  same  thickness,  then  the 
effect  will  be  that  the  rays  e'  V  and  o'  t  emerging  from  the  second 
will  be  separated  by  a  space  twice  as  great  as  that  by  which  they  were 
separated  in  passing  through  the  first  crystal. 

If  the  second  crystal,  instead  of  having  been  placed  upon  the  first 
crystal  so  that  its  corresponding  sides  shall  have  the  same  direction, 
be  placed  upon  it  so  that  they  shall  have  coatj-ary  directions,  as  repre- 
sented in  Jig.  407.,  then  the  second  crystal  will  have  the  effect  of 
causing  the  reunion  of  the  two  pencils  separated  by  the  first  crystal, 


Fig.  407. 

and  the  ordinary  and  extraordinary  rays  will  accordingly  emerge  from 
the  same  point  o'  of  the  second  crystal  in  the  same  direction,  so  that 
au  eye  placed  at  Y  will  see  but  one  image  of  the  object  p.  In  this 
case  the  ordinary  ray  follows  the  direction  p  i  o  o'  Y,  aad  the  extraor- 
dinary ray  follows  ^e  direction  p  I  e  o'  Y.     Thus,  tha  separatiou  of 
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tliQ  raya  takes  place  only  iii  pasang  through  the  crystala,  the  reunion 
being  established  at  the  point  of  emei^nce  o'  from  the  second  crystal. 
1262.  Cases  j«  which  four  images  are  formed  by  ilie  combina- 
tion of  two  similar  crystals. — If  we  suppose  the  second  crystal, 
A  &!!/  \),Jig.  406.,  to  be  turned  round  the  line  PIO  Y  as  an  axis,  the 
moment  it  moves  frota  the  position  represented  in_^^.  406.,  the  ordi- 
nary and  extraordinary  rays  1 0  and  i  e  incident  upon  it  from  the  first 
crystal  will  be  each  doubly  refracted,  so  as  to  be  resolved  into  four 
rays,  and  thua  an  eye  placed  at  Y  would  see  four  images  of  the  point 
p.  As  tho  second  crystal  is  gradually  turned  round,  th4se  four  images 
assume  a  lenes  of  <^eieut  positions  with  relation  to  each  other,  and 
also  ha\e  diiFeient  degrees  of  bnlliancy  After  the  crystal  has  made 
one  half  a  revolution  and  assumed  Uio  position  represented  in  jig. 
407.,  all  the=e  four  images  unite  in  oue  In  the  position  intermediate 
between  tbpse  two,  that  la  to  say,  when  the  seroud  erystai  has  made 
a  quatter  of  arevolution  lound  the  line  PIOY,  then  the  four  imagea 
will  be  radueed  to  two,  which,  however,  will  hive  a  different  position 
relative  to  the  hue  i.D  from  that  which  the  images  produced  in  the 
position  repiesented  in _/^  406  h.i^e 

12b5  Their  successae  positions  — The  successive  positions  as- 
sumed by  the  four  imiges  during  the  half  resolution  of  the  second 
crystal  between  the  position  rtpiesented  ia_fig  406,,  and  that  repre- 
sented m  Jig    407  ,  aie  given  m  jSg   40S  ,  where  B  represents  the 
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position  of  the  images  corresponding  ta^g.  406.,  and  K  to^g-  407. ; 
F  represents  their  position  when  the  second  crystal  has  made  c  - 
fourth  of  a  revolution;  0,  p,  and  e  represent  three  successive  posi" 
of  the  images  in  three  equally  distant  stages  of  the  first  quarter 
revolution;  and  G,  h,  and  i  represent  their  respective  positions  in 
three  equally  distant  stages  of  the  second  quarter  of  a  revolution. 
The  relative  brilliancies  of  the  images  are  indicated  by  the  shading  of 
the  dots,  the  dark  dots  bemg  understood  to  represent  greater  bril|iaucy 
than  the  shaded  ones. 

1264.  Position  of  as:es  different  for  different  coloured  lights  in 
hi-axial  crystals.  —  In  uni-asial  crystals  the  axis  has  the  same  posi- 
tion, whatever  be  the  colour  of  the  light,  but  in  bi-asial  crystals  the 
position  of  the  axes  is  different  for  different  coloured  lights.  Sir  John 
Herschel  found  that  in  tartrate  of  potassa  and  soda  (Rochelle  salts), 
their  inclination  for  violet  light  waa  66",  and  for  red  light  76°-  In. 
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other  crystals,  snoli  as  nitre,  tieir  iQolination  for  violet  was  greater 
tlian  for  red,  but  in  ail  cases  tbe  asea  for  all  oolourec!  light  in  the  same 
crystal  are  in  the  same  plane.  Sir  David  Brewster  foucd  that  glan- 
herite  had  two  axes,  for  red  ligKt,  inclined  at  an  angle  of  50°,  and 
only  one  for  violet  light.  The  same  eminent  philosopher  found  that 
in  the  case  of  analcine  there  were  several  planes  along  which  there 
was  no  double  refraction,  however  various  tlie  angle  of  incidence  might 
bo,  HO  that  that  substance  might  be  considered  as  haying  an  infinite 
number  of  ases  of  double  refraction. 

1265.  Doubly  refracting  structure  produced  hy  artificial  pro- 
cesses. —  The  property  of  double  refraction  may  in  some  cases  be  im- 
parted by  artificial  processes  to  substances  wbich  do  not  naturally 
possess  it.  If  a  cylinder  of  glaaa  be  brought  to  a  red  heat,  and  held 
upon  a  plate  of  metal  until  it  becomes  cold,  it  will  acquire  the  doubly 
refracting  property,  the  axis  of  the  cylinder  being  a  single  positive 
axis  of  double  refraction.  This  axis  differs,  however,  from  the  posi- 
tive axis  of  crystialliaation,  because  in  this  case  it  is  a  single  line, 
while  in  the  crystal  the  lines  parallel  to  it  are  equally  ases  of  double 
refraction.  Sir  David  Brewster  says,  that  if  instead  of  beating 
the  cylinder  it  had  been  immersed  in  a  vessel  of  boiling  water,  it 
would  have  acquired  the  same  doubly  refracting  virtue  when  the  beat 
had  reached  its  axis,  but  that  the  property  would  not  be  permanent, 
disappearing  when  the  cylinder  should  become  imiformly  heated.  Also 
if  the  cylinder  were  uniformly  heated  in  boiling  oil,  or  at  a  fire  so  as 
njt  to  '.often  the  glass,  and  had  been  placed  in  a  cold  fluid,  it  would 
^cqune  a  temporary  doubly  refracting  virtue  when  the  cooling  had 
1  e  iched  the  axis ,  but  m  tHis  ca^e  the  axis  would  be  a  negative  one, 
mstead  of  a  positive,  as  in  tbe  firmer  case. 

iicoidmg  to  him  some  other  raalogous  structures  may  be  produced 
ty  pleasure,  ind  by  the  induration  of  soft  solids,  such  as  animal 
jelliea   lainglass,  A^c 

It  the  cylinder  m  the  preceding  explanations  is  not  a  regular  one, 
1  ut  hive  its  section  perpendiculai  to  the  axis,  every  where  an  ellipse 
in  place  of  a  circle,  it  will  haye  two  ases  of  double  refraction. 

In  lilie  manner,  if  we  use  rectangular  plates  of  glass  instead  of 
cylinders,  as  in  the  preceding  esperiment,  we  shall  have  plates  with 
two  planes. of  double  refraction,  a  positive  structure  being  on  one  side 
of  each  plane,  and  a  negative  one  on  the  other. 

If  we  use  perfect  spheres  there  will  be  axes  of  double  refraction 
along  every  diameter,  and  consequently  an  infinite  number  of  them. 

The  crystalline  lenses  of  almost  all  animals,  whether  they  are  lenses, 
spheres,  or  spheroids,  have  one  or  more  axes  of  double  refraction. 
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1266,  Characteristic  property  of  polarized  light. — When  a  ray 
of  light,  whether  natural  or  artificial,  has  been  submitted,  under  pecu- 
liar  conditions,  to  refleofiou  or  refraction,  it  is  then  in  a  state  in  which 
it  acquires  new  properties,  and  ia  denominated  polarized  light;  and 
the  process  by  which  thi&  modification  in  the  ray  is  effected  is  called 
polarization. 

To  render  tte  properties  by  which  polarized  ia  distinguished  from 
unpolarized  or  common  light  clearly  intelligible,  let  ns  imagine  a  ray 
of  light  admitted  into  a  dark  room  through  a  hole  in  the  window- 
shutter,  so  as  to  pass  in  a  horizontal  direction.  Supposing  sach  a  ray 
to  be  cyliudrica!,  let  its  section,  made  by  a  vertical  plane, 
'je  represented  by  the  circle  A  c  B  1>,  fig.  409. 

This  ray,  if  it  were  common  or  unpolarized  light, 

.      I      ,  '    would  be  reflected  or  refracted  in  exactly  the  same  man- 

^•~~Ly      ner,  and  according  to  the  common  laws  of  reflection  and 
refraction  air  ady     plai    d        wh  t  1     f  L       1 

Fig,  409.      at  whatever      gl    w  th    t    th       fit  f  act    g 

surface  might  b    p         t  d 

If,  however,  the  ray  be  p  1        1  th     ff   t       11  h    d  ff  re  t 

Let  a  plate  of  glass  be  bla  k       I  d        tl   t    h      us  d  a. 

a  reflector  no  light  will  be     fl    ted  f   m  ts  p    t  fac       8    h 

a  plate  will  therefore  refle  t  I  ght      ly  f   m  Urf       wh  h  will 

be  its  anterior  surface.    Thpcat  Pv,sayth  w 

to  be  examined,  in  order  top         th      fftwih        Id 
from  tie  combination  ofth       j       hhwHthw      1^       fl    ted 
from  both  the  anterior  and  posterior  surfaces  ot  the  glass. 

Let  such  a  plate,  so  prepared,  be  presented  to  the  polarized  ray  at 
an  angle  of  incidence  of  54°  35',  so  that  the  plate  shall  make  with 
the  ray  an  angle  of  35°  25';  and  let  it  be  turned  round  the  ray,  so  aa 
to  be  presented  on  every  aide  of  it,  still  forming,  however,  the  same 
angle  with  it.  During  this  process,  it  will  be  observed  that  tiiere  is 
a  certain  direction  of  the  plane  of  the  angle  of  incidence  at  which  no 
reflection  will  take  place;  the  ray  will  he  absorbed  or  estinguiahed, 
so  to  speik,  by  the  lefleotmg  surface  The  pline  of  incidence  will 
lii\e  this  direction  in  two  opposite  positions  of  the  reflectoi 

Let  the  line  D  c,Jig  409  ,  represent  this  position  of  the  plane  of 
mcidente  then  D  and  o  will  be  the  two  opposite  sides  of  the  ray,  at 
which  the  reflectoi  beiug  presented  will  cause  the  estinotion  of  the 
light  Now  as  the  lefieotoi  is  earned  lound  from  eithei  of  these 
positions  tespeetivelj,  so  that  the  plane  of  the  angle  of  incidence 
shill  turn  n.nnd  the  axii  of  the  ray,  refli  ction  wiU  begm  to  take 
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place,  ihiJ  will  inciease  in  intensity  untjl  tte  plane  of  tbe  angle  of 
mcilence  tnke  a  potation,  aiich  is  ab,  it  nght  ingles  to  D  c,  when 
tbu  intensity  of  the  leflection  will  be  a,  mixiranm  Aft^r  parsing 
thj'!  position,  tho  intensity  of  the  refipction  will  again  djmini'-h,  and 
\si!l  tontmue  to  decrease  until  the  plane  ot  the  angle  of  intilenee 
■ihall  again  coincide  with  the  diameter  D  c 

It  js  evident,  thetefoie,  that  different  sides  of  such  a  ray  have  dif 
ferent  pr  ipeitie?  Thus,  the  sidea  a  and  b  have  a  susceptibility  of 
being  refleetcd,  of  which  the  ados  j>  and  C  are  deprived ;  and  the  bus- 
ccptibility  of  reflectjon  diminishes  gradually  in  going  round  the  ray 
from  eitliev  a  or  b  towards  0  or  d,  when  it  altogether  ceases. 

A  plane  passing  through  the  axis  of  the  ray  and  coinciding  with 
the  diameter  A  B  is  called  the  plane  of  polarizadon. 

It  is  evident,  therefore,  from  what  has  been  explained,  that  when 
the  reflector  is  so  presented  to  the  ray  that  tbe  pJane  of  the  angle  of 
incidence  shall  coincide  with  the  plane  of  polarization,  reflectjon  will 
take  place  with  tbe  greatest  intensity,  and  that  when  tbe  plane  of  tbe 
angle  of  incidence  is  at  right  angles  to  tbe  plane  of  polarization,  no 
I'eflection  takes  place,  and  tbe  ray  is  extinguished. 

1267.  Angle  of  polarixation,: — If,  instead  of  glass,  any  other  re- 
flecting surface  be  used,  like  effects  would  be  produced ;  only  that  the 
angle  at  which  it  would  be  necessary  to  present  tbe  reflecting  surface 
to  tho  ray  would  be  different,  each  species  of  refleofor  having  ils  own 
particular  angle. 

This  angle  is,  for  reasons  which  will  be  hereafter  explained,  called 
the  Migle  of  polariBation. 

1268.  Polariscopes.  —  Instruments  called  Polariseopes  adapted 
for  the  experimental  illoatration  of  the  phenomena  of  polarization, 
have  been  constructed  in  Tarious  forms. 

One  of  the  most  convenient  for  the  purposes  of  elementary  explana- 
tion consisfs  of  several  detached  pieces,  whioh  are  represented  in  _fig. 
410.  a  E  is  a  brass  tube  like  that  of  a  telescope,  along  the  axis  of 
which  the  polarised  pencil  to  be  submitted  to  examination  is  trans- 
mitted. 0  is  a  short  tube  capable  of  being  inserted,  after  tbe  manner 
of  telescopic  tubes,  in  the  main  tube  at  a.  This  tnbe  G  carries  a 
plane  reflector  d,  of  the  blackened  glass  already  described,  which  is 
capable  of  being  turned  on  pivots,  and  is  supplied  with  a  double  scale 
and  index,  by  which  the  angle  it  makes  with  tbe  axis  of  the  tube  can 
be  regulated  at  pleasure.  By  turning  the  tube  0  round  its  axis,  the 
plane  of  the  reflector  D  may  be  presented  successively  on  every  side 
of  tbe  asis  of  the  main  tube. 

A  diaphragm  is  fixed  in  the  tube  at  d,  having  a  circular  hole  in 
its  centre,  to  limit  the  magnitude  of  the  transmitted  pencil.  'The 
pieces  E,  F,  a,  and  h,  are  severally  capable  of  being  inserted  in  the 
ends  of  the  tube,  and  of  being  turned  round  in  the  same  manner  as 
already  described  with  relation  to  the  piece  c  inserted  at  the  end  A. 
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Fig.  410. 

Tlie  short  tube  E  oames  a  plane  reflector  K,  aiinilar  to  that  already 
described,  which  ia  capable  of  being  adjusted  at  auy  desired  angle 
with  tlie  asia  of  the  tube,  The  tube  p  contains  a  doubly  refracting 
prism,  the  tube  G  contains  a  thin  disk,  of  tourmaline  with  parallel 
faces,  so  cut  that  the  optic  axis  is  parallel  to  these  faces.  In.  fine,  the 
tube  H  contains  a  bundle  of  plates  of  glass,  with  parallel  surfaces 
placed  in  contact  with  each  other,  and  inclined  obliquely  to  the  axis 
of  the  tube. 

All  these  pieces  being  severally  inserted  in  the  tube  a  scan  be 
turned  round  its  asis,  so  that  the  reflector  K,  or  the  prism,  or  the 
tourmaline  G,  or  the  included  plates  H,  may  be  severally  presented  in 
succession  on  all  sides  of  the  ray  transmitted  along  the  axis  of  the 
tube  A  B. 

1269.  Polarisation  hy  reflection.  —  Let  the  tube  0,  fig.  410., 
carrying  the  reflector  d,  be  insetted  in  the  main  tube  a,  and  let  a 
plate  of  blackened  glass  be  inserted  in  the  frame  d,  as  already  de- 
scribed. Let  the  apparatus  be  so  adjusted  that  when  a  ray  of  light 
falling  upon  the  plate  D  at  an  angle  of  incidence  eqnal  to  64°  Z-J  is 
reflected,  the  reflected  ray  will  pass  along  the  axis  of  the  tube  a  b. 
8ueh  a  ray  will  be  polarized,  and  the  plane  of  its  polarization  will 
coincide  with  the  plane  of  tie  angle  of  mcidence  upon  the  plate  D. 

To  prove  this,  let  the  tube  e  carrying  the  reflector  B  be  inserted 
in  the  end  B  of  the  main  tube,  and  let  the  reflector  E  be  adjusted  so 
that  the  ray  which  passes  along  the  axis  of  the  tube  shall  fall  upon  it 
at  the  same  angle  of  incidence,  54°  35',  as  represented  in  Jig.  411. 
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If  tte  tube  E  be  so  placed  that  the  plaoe  of  the  angle  of  inddence 
upon  the  reflector  R  shall  coincide  with  the  plane  of  the  angle  of  in- 
cidence on  the  reflector  u,  then  the  ray  coining  along  the  asia  of  the 
tube  will  be  reflected  from  R  with  the  greatest  possible  intensity.  If 
the  tube  B  be  tben  turned  round  within  the  tube  B,  bo  as  tcupresent 
the  reflector  E  successively  on  different  sides  of  tlte  ray  which  passes 
along  tiie  axis  of  the  tube,  it  will  be  found  that  when  the  reflector  R 
assumes  such  u  position  that  the  plane  of  the  angle  of  incidence  upon 
it  13  at  right  angles  to  the  plane  of  the  angle  of  incidence  tipon  the 
reflector  D,  no  reflection  will  take  place,  and  the  ray  will  be  extio- 

It  follows,  therefore,  from  this,  first,  that  the  ray  passing  along  the 
axis  of  the  tube  is  polarized ;  and,  secondly,  that  its  plane  of  polariza- 
tion coincides  with  the  plane  of  the  angle  of  incidence  of  the  ori^nal 
ray  upon  the  reflector  n. 

If,  instead  of  a  blackened  glass,  any  other  reflecting  surface  were 
placed  in  the  frame  D,  the  same  effects  would  ensue ;  but  the  angle 
of  incidence  upon  such  surface  which  would  produco  polarization, 
would  be  different  for  different  surfaces. 

1270.  Method  of  determining  the  polarizing  angle  for  different 
refecting  surfaces.  —  It  was  discovered  by  Sir  David  Brewster  by 
observation,  and  afterwards  confirmed  by  theory,  that  the  polarizing 
angle  for  any  reflecting  surface  is 
that  angle  of  iacideuee  which, 
being  added  to  the  corresponding 
angle  of  refraction,  supposing  the 
_5.ray  to  enter  the  medium,  would 
make  up  the  sum  of  90°.  Thus, 
if  A'BOD,  Jig.  412.,  be  atranspa- 
rent  medium  bounded  by  parallel 
surfaces  A  B  and  0  d,  and  if  p  i  be 
a  ray  of  light  incident  upon  it  at 
such  an  angle  of  incidence  p  i  b 
that  the  an^e  of  refi-action  El/ 
covrespondjng  to  it  shall,  when 
added  to  PIP,  make  90°,  then 
the  angle  pip  will  be  the  polar- 
iring  angle,  and  a  ray  incident  at 
_  e  and  reflected  from  r  itt  the  direction  i  p'  will  be  polarized, 
s  easy  to  show  that  in  this  case  the  directions  of  the  reficBt^d 
ray  i  p'  and  the  refracted  ray  i  a  are  at  right  angles ;  for  we  have 

F1P  +  PIE  =  90''. 

And  since  p  i  b  is  equal  to  p'  i  a,  wo  shall  have 
PIP+  i''iA  =  90°. 


Fig.  413. 
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If  to  both  of  tlieae  we  add  tte  angle  a  r  ii,  we  shall  have  the  angle 
p'la  ecjual  to  the  aagle  Aii"';  hut  sjaoe  aif'  is  90°,  the  angle 
p'  I E  will  be  also  90°. 

The  angle  of  polarJEation  ia  therefore  detcnnined  by  the  oondition 
that  the  reflected  ray  ir'  shall  be  at  right  angles  to  the  direction  it 
would  hsTc  pursued,  had  it  been  reflected  instead  of  refracted  at  i. 

It  is  easy  to  show  that  when  the  ray  I E  emerges  from  the  lower 
surface  in  the  direction  R  q',  parallel  to  p  i,  it  will  be  at  right  angles 
to  the  direction  it  would  have  taken,  if,  instead  of  passing  through 
the  surface  at  R,  it  were  reflected  from  it  in  the  direction  K  q;  for 
since  R  of  and  r  d  are  respectively  parallel  to  p  i  and  b  i,  the  angle 
DRq'  ia  equal  to  the  angle  pib,  or,  what  is  the  same,  the  angle 
p"  I  A,  or,  in  fine,  to  the  angle  R I  f'. 

But  the  angle  i  a  p*  is  equal  to  the  angle  Q  R  D,  therefore  the  angles 
rib'  and  iRr'  taken  together,  are  equal  to  the  angle  Qrq';  and 
since  the  former  are  equal  to  90°,  q  r  q'  is  a  right  angle.  Hence  it 
follows  that  the  rayiR  also  falls  upon  the  surface  D  0  at  r  at  the 
angle  of  polarization,  since  it-s  directions  reflected  and  refracted  are  at 

It  follows  from  what  precedes,  that  the  polarizing  angle  correspond- 
ing to  any  surface  separating  two  media  ia  that  angle  whoso  trigono- 
metrical tangent  is  equal  to  the  index  of  refraction;  for  since  the 
angle  a  I  P'  is  the  complement  of  the  angle  1 1  P,  the  sine  of  P  I  p 
divided  by  the  sine  of  r  i  f*  will  be  equal  to  the  tangent  of  the  angle 
ffl  P. 

Thus,  whenever  the  index  of  refraction  for  any  medium  is  known, 
the  polarizing  angle  for  the  surface  of  such  medium  can  be  deter- 
mined ;  and  whenever  the  polarizing  angle  can  be  found  by  observa- 
tion, the  index  of  refraction  may  be  iufeiTed. 

Since  the  indices  of  refraction  for  the  different  component  parts  of 
Holar  light  are  diflerent,  it  follows  that  the  polarizing  angle  for  each 
species  of  homogeneous  hght  will  also  he  different. 

1271.  Table  sliowing  l}ie  polarixing  angle  of  certain  media. — Sb 
David  Brewster  ^ves  the  following  tiible,  showing  the  polarizing  angles 
corresponding  to  the  mean  and  extreme  rays  for  the  undermentioned 
transparent  media ; — 
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Red  rays 

Mean  rays.... 
Violet  rojs... 

Red  raja 

Mean  rays... 
Violet  raja.. 

Eod  rays 

Mean  rajs... 
Violet  raja.. 

ludes  ..f 

MaitmiiDi 

»«,ntixegrest- 
aat  smd  least  po- 
ariziDg  Angles. 

1>330 
1036 
1-342 
1'516 
l-52r. 
1-535 
1-597 
1-642 
1-6H7 

|J      4 

53  n 

53   10 
56   84 
5S   45 

66  r>5 

67  57 

58  40 

59  21 

1        15 

21 

1   24 

I 

1272.  Effects  of  reflection  on  polarized  ligJil. — If  a  ray  of  polar- 
ized light  be  incident  upon  any  plane  reflecting  surface,  the  position 
of  the  plane  of  its  polatiaation  will  in  general  he  changed  after  re- 
floction,  and  will  he  turned  more  or  less  towards  the  plane  of  the 
angle  of  incidence.  If  the  angle  at  which  the  ray  is  incident  be  equal 
to  the  polarizing  angle,  then  fie  plane  of  polarization,  whatever  niay 
be  its  position  in  the  incident  ray,  will  coincide  with  the  common 
plane  of  incidence  and  reflection  in  the  reflected  ray,  so  that  the  effect 
of  reflection  will  be  to  turn  this  plane  round  the  axis  of  the  raj  through 
the  angle  formed  by  it  with  the  plane  of  incidence. 

If,  however,  the  angle  at  which  the  ray  is  incident  be  not  equal  to 
the  polarizing  angle,  then  the  plane  of  polarization  will  not  be  tnmed 
entirely  ronnd  to  coincide  with  the  plane  of  the  angle  of  incidence, 
hut  will  be  turned  towards  that  plane,  so  that  the  angle  formed  by 
the  plane  of  polarizatioa  of  the  reflected  ray  with  the  plane  of  in- 
cidence will  be  less  than  the  angle  formed  by  the  plane  of  the  angle 
of  polarization  of  the  incident  ray  with  the  same  pkne. 

The  angle  through  which  the  plane  of  polarization  is  thus  turned 
will  depend  upon  the  relation  which  the  angle  of  incidence  bears  to 
the  polarizing  angle. 

If  the  ray  be  incident  perpendicularly  upon  the  surface,  no  change 
will  take  place  in  the  position  of  the  plane  of  polarization,  that  of  the 
reflected  ray  coinciding  with  that  of  the  incident  ray.  If  the  angle  of 
incidence  be  very  small,  then  the  plane  of  polarization  of  the  reflocted 
ray  will  be  slightly  turned  towards  the  plane  of  incidence,  and  it  will 
bo  more  and  more  turned  towards  it  as  the  angle  of  incidence  ap- 
proaches to  equality  with  the  polarizing  angle.  When  they  are  equal, 
the  plane  of  polarization  will  coincide  with  the  plana  of  the  angle  of 
incidence.  When  the  angle  of  incidence  exceeds  the  angle  of  polar- 
isation, the  plane  of  polarization  of  the  reflected  ray  will  be  turned 
ft-um  the  plane  of  the  angle  of  incidence,  and  on  the  other  side  of  it; 
and  it  will  continue  to  be  turned  from  it  more  and  more  as  the  angle 
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of  incidence  is  increased,  until  it  1)6000353  a  right  angle.  All  these 
phenomena  can  be  illustrated  experimentally  by  means  of  the  polar- 
iscopio  apparatus  abeady  descritwd,  the  plane  of  polarization  being 
always  capable  of  being  determined  by  the  means  already  explained. 

1273.  Ejects  of  ordinary  refraction  on  polarized  light. — When 
a  ray  of  polarized  light  enters  any  transparent  medium,  the  plane  of 
its  polarization  is  changed  after  refraction,  and  is  turned  from  the 
plane  of  the  angle  of  incidence  more  or  leas,  according  as  the  angle  of 
incidence  differs  more  or  leas  from  the  polarizing  angle.  The  effect, 
therefore,  of  reft-action  on  the  plane  of  polarization  is  contrary  to  that 
produced  by  reflection.  The  more  nearly  the  angle  of  incidence  ap- 
proaches to  equality  with  the  polariaing  angle,  the  more  nearly  will 
the  plane  of  polarization  in  the  refracted  ray  be  turned  to  a  direction 
at  right  angles  to  the  plane  of  incidence ;  and  if  the  angle  of  incidence 
he  absohitely  equal  to  the  polaiizing  angle,  then  the  plane  of  polar- 
ization of  the  refracted  ray  will  be  at  right  angles  to  the  plane  of  in- 
cidence, whatever  may  have  been  its  position  in  the  incident  ray. 

It  follows,  therefore,  that  if  the  piano  of  polarization  of  the  inci- 
dent ray  be  at  right  angles  to  the  plane  of  incidence,  it  will  suffer  no 
change  by  refraction ;  but  the  further  it  departs  from  this  direction 
the  greater  will  be  the  cliange  produced  upon  it  by  refraction. 

1274.  Composition  of  unpolari^d  light. — It  was  first  suggested 
by  Sir  D.  Brewster,  and  since  confirmed  by  theory,  that  a  ray  of  or- 
dinary or  nnpolarized  light  consists  of  two  rays  polarized  in  planes  at 
right  angles  to  each  other  the  absolute  direction  of  these  planes  being 
arbitrary.  When  such  a  ray  is  perfectly  polarized,  these  planes  of 
polarization  aie  made  to  aancide  either  or  both  being  turned  round 
the  asia  of  the  ray 

Polarized  rays  may,  however  also  be  obtained  from  a  ray  of  natu- 
ral light,  either  by  lesclvmg  the  lay  into  the  two  pencils  of  which  it 
consists,  and  exhibiting  them  separately  polarized  in  planes  at  right 
angles  to  each  othei  or  by  extinguishing  one  of  the  two  rays,  and  not 
the  other, 

1275.  Point  ation  by  double  r  fraction.  —  A  doiibly  refracting 
ci-ystal  supplies  the  means  of  obtaining  polarized  rays  by  the  first 
method. 

When  a  ray  cf  common  light  la  inoiiont  npoa  such  a  crystal  in  a 
plane  passing  thioiigh  its  axis  it  will  be  divided,  as  has  been  abeady 
explained,  into  two  lay^  the  oidinary  and  extraordinary,  both  of 
which  will  be  fonnd  to  be  polarized  if  examined  by  the  teat  already 
explained.  The  plane  of  polarization  of  the  ordinary  ray  will  coin- 
cide with  the  plane  of  the  angle  of  incidence,  and  the  plane  of  polar- 
ization of  the  extraordinary  ray  will  be  at  right  angles  to  it.  Thus 
the  doubly  refracting  crystal  resolves  the  ray  of  common  light  into 
its  two  component  polarized  rays,  exactly  aa  a  common  prism  resolves 
a  ray  of  solar  light  into  its  component  rays  of  different  refrangibility. 
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1276.  Partial  polarization.  —  As  a  ray  of  light  is  completely 
polarized  when  the  two  planes  of  polatization  naturally  at  right  angles 
are  brought  to  absolute  coiacidenoe,  and  as  it  is  completely  impolar- 
ized  when  these  planes  are  at  right  angles,  it  is  partially  polarized 
when  they  are  in  any  intermediate  position;  and  it  approaches  more 
and  more  to  the  state  of  complete  polarization  aa  fie  obliquity  of  the 
two  planes  of  polarization  increases.  Thus  when  they  form  an  angle 
of  45°  the  ray  may  be  considered  as  half  polarized. 

It  was  long  contoaded  that  a  pencil  partially  polarized  consisted  of 
rays  completely  polarized  mixed  with  rays  completely  unpolarized  in 
various  proportions,  aeoording  to  the  degree  of  partial  polarization  of 
the  pencil;  but  Sir  David  Brewster  suggested,  what  has  been  since 
confirmed  by  theory,  that  partiai  polarization  must  be  otherwise  un- 
derstood,.and  that_a  pencil  partially  polai'ized  contains  in  it  no  ray, 
either  perfectly  polarized  or  perfectly  unpolarized,  but  cousisfa  of  rays, 
each  of  which  is  imperfectly  polarized,  as  justr  explained. 

1277.  Polarization  by  successive  refractions.  —  It  has  been  al- 
ready shown  that  a  ray  of  polarized  light  when  it  enters  a  transparent 
me  1mm,  ind  is  refracted  by  it,  has  its  plane  of  polarization  turned 
from  the  plane  of  the  angle  of  incidence  through  an  angle  greater  or 
lehi  in  mignitude  according  to  the  relation  which  the  angle  of  inci- 

1  nee  bears  to  the  polarizing  angle.  Now,  since  a  ray  of  natui-al  light 
cnnsists  of  two  rays  of  light  polarized  in  planes  at  right  angles  to  each 
othei,  such  a  ray  when  it  enters  a  refracting  medium  will  have  both 
jdanes  of  polarization  of  its  component  rays  turned  towards  a  right 
LUgle  with  the  plane  of  the  angle  of  incidence. 

If  sut,h  a  ray  then  be  successively  refracted  by  a  series  of  media 
bounded  by  parallel  planes,  the  planes  of  polai'ization  of  its  component 
lajs  will  undergo  a  series  of  changes  of  direction,  each  having  a  ten- 
dency to  turn  them  into  a  direction  at  right  angles  to  the  common 
plane  of  incidence  and  emergence. 

Sir  David  Brewster  found  that  the  light  of  a  wax  candle  placed  at 
the  distance  of  ten  or  twelve  feet  from  a  scries  of  parallel  plates  of 
ground  glass  was  polarized  at  angles  of  incidence  which  de 
the  number  of  plates  as  exhibited  in  the  following  table ; — 
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He  iufeired  from  these  experiments  that  if  we  divide  the  Dumber 
41-84  by  any  number  of  crown  glass  platea,  we  shall  obtain  the  tan- 
gent of  ttie  angle  at  which  a  pencil  of  light  may  be  polariaed  by  this 
number.  He  also  inferred  that  the  power  of  polarizing  the  refracted 
light  iocreased  with  the  angle  of  incidence  between  0,  o: 
at  a  perpendicular  incidence,  and  the  greatest  possible,  oi 
as  the  inoideuefe  approached  90°, 

The  apparatus  represented  at  H,  Jig.  410.,  is  adapted  for  the  espe- 
rimental  demonstration  of  this.  In  the  tube  h  is  placed  a  series  of 
five  or  more  plates  of  glass,  renting  with  their  surfaces  one  upoa  the 
other,  and  capable  of  being  adjusted  ia  the  tube,  so  as  to  form  any 
desired  angle  with  its  axis. 

If  this  piece  H  be  inserted  in  the  end  a  of  the  tube,  and  if  the 
plates  of  glass  be  applied  at  the  proper  angle,  it  will  be  found  that 
the  light,  after  passing  through  them,  is  nearly  polarized,  and  that  its 
plane  of  polarizatioa  is  perpendicular  to  the  commoa  plane  of  the 
angles  of  incideace  and  refraction.  In  this  eaae,  the  more  brilliant 
the  pencil  of  light  transmitted  through  the  plates,  the  more  numerous 
the  plates  mast  be  in  order  to  effect  complete  polarization. 

Strictly  speaking,  no  number  of  plafes  can  bring  the  planes  of  po- 
lamatioo  to  absolute  coincidence;  but  they  may  be  said  to  approach 
so  near  to  it,  that  the  pencil  will  be  to  all  appearance  completely  po- 
larized with  lights  of  oi-dinary  intensity 

A  jiencil  thus  polarized  by  refraction  will  exhibit  the  same  pro- 
perfi^  when  submitted  to  r^ection,  or  when  incident  upon  a  plate 
of  tourmaline,  as  have  been  already  described  with  respect  to  light 
polarized  by  reflection. 

1278.  Ejfect  of  tourmaline  on  polarized  light. — Let  a  plate  of 
tourmaline  be  cut  with  surface  parallel  to  each  other  and  to  its  optic 
axis.  Such  a  plate  being  fised  in  the  piece  Q,fig-  410.,  may  be  in- 
serted in  the  end  of  the  tube  E,  so  as  to  receive  the  polarized  ray 
transmitted  along  the  axis  of  the  tube  perpendicular  to  its  surface. 
"When  thus  arranged,  the  tube  G  being  turned  within  the  tube  B,  so 
as  to  bring  the  optic  axis  of  the  tourmaline  to  coincide  with  the 
plane  of  polarizatiou  of  the  ray,  the  ray  will  be  totally  intercepted. 
If  the  tube  be  then  turned,  so  that  the  axis  of  the  tourmaline  shall 
form  aa  increasing  angle  with  the  plane  of  polarization,  light  will 
be^n  to  be  transmitted,  and  the  intensity  of  the  light  so  transmitted 
will  gradually  increase,  until  the  axis  of  the  tourmaline  is  at  right 
angles  to  the  plane  of  polarizaUon,  when  its  intensity  will  be  a  maxi- 
mum. After  it  passes  that,  the  tabe  G  being  slowly  turned,  the  in- 
tensity will  again  diminish  until  the  axis  cf  the  tourmaline'  again 
coincides  with  the  plane  of  polaiization,  when  the  light  will  be  com- 
pletely intercepted.  The  tourmaline  supplies,  therefore,  a  test  of 
polaj-ization,  and  a  means  of  ascertaining  the  posilion  of  the  plane  of 
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polarization  more  convenient  still  tiioa  thai  wliith  hai  lieen  already 
explained  by  means  o£  the  reflecting  surface  R. 

1279.  Polarization  by  absorption.  —  Sir  Dayid  Eiew^ter  showed 
that  agate  and  some  othef  crystals  had  the  effect  of  infarcepting  one 
of  the  tivo  polarized  rays  which  constitute  common  light  and  tians- 
mitting  the  other,  and  auggested  this  as  a  means  of  ohtaimng  pobnzed 
light  Thus,  if  a  ray  of  common  light  bo  transmitted  through  a  plate 
of  agats,  one  of  the  oppositely  polarized  beams  ^ill  be  cjnverttd  mto 
nebulous  light  in  one  portion  of  the  crystal,  and  the  other  in  another 
poaitiun,  so  that  one  of  the  polarized  beams  will  in  each  case  be  fi-ans- 
mitted.  The  same  effect  may  be  produced  by  Iceland  spar,  Arago- 
nite,  or  artificial  salts,  prepared  in  a  pecniiar  manner,  so  as  to  produce 
a  dispersion  of  one  of  the  two  polarized  rays  forming  common  light. 

If  common  light  be  transmitted  through'a  thin  plate  of  tourmaline, 
one  of  the  polarized  rays  which  constitute  it  will  in  like  manner  be 
absorbed  by  the  tourmaline,  and  the  other  transmitted;  and  when 
the  tourmaline  is  applied  in  a  position  at  right  angles  to  this,  the  ray 
which  was  before  transmitted  k  absorbed,  and  vice  versA. 

1280.  Polarisation  hy  irregular  reflection.  —  When  a  pencil  of 
light  is  directed  obliquely  on  any  imperfectly  polished  surface  so  t^ 
to  be  irregularly  reflected  from  it,  the  rays  thus  reflected  will  be  par- 
tially polarized,  as  may  be  ascertained  by  looking  at  the  reflecting 
surface  through  the  plate  of  tourmaline  G,  jig.  410.  On  turning 
round  tie  plate  of  tourmaline,  it  will  be  found  that  the  brightness 
of  the  surface  will  vary  according  to  the  direction  of  the  asis  of  the 
tourmaline,  the  positions  of  the  axis  which  render  its  brilliancy  greats 
est  and  least  being  at  right  angles  to  each  other.  That  the  polar- 
ization in  this  case  is  imperfect  is  demonstrated  by  the  feet  that  tho 
tourmaline  in  no  position  produces  a  complete  extinction  of  the  light. 

Since  light  is  more  or  less  polarized  by  successive  i-efractions  and  by 
Buooessive  reflections,  whether  regular  or  irregnlar,  it  follows  that  light 
is  almost  never  found  without  being  more  or  less  polarised.  Thus  tie 
light  of  day  proceeding  from  the  solar  rays  reflected  and  refracted  by 
the  atmosphere  and  the  clouds  must  always  be  more  or  less  polarized, 
—  an  effect  of  which  may  be  verified  by  esamining  this  light  by  one 
or  other  of  the  tests  of  polarization,  but  more  especially  by  tlie  tour- 
maline already  described. 

1281.  The  interference  of  polarized  pencils.  — If  two  pencils  of 
light  have  their  planes  of  polarization  parallel,  they  wiU  exhibit  the 
same  phenomena  of  interference  as  have  been  already  described  for 
ordinary  light.  The  production  of  bright  and  dark  fringes,  when  the 
pencils  are  homogeneous,  and  tlie  production  of  coloured  fringes,  wlien 
the  pencils  consist  of  compound  light,  will  occur  as  in  the  case  of  nn- 
pularized  light 

But  if  the  two  pencils  be  polarized  in  planes  at  right  angles  to  each 
other,  none  of  the  phenomena  of  intetference  will  be  exhibited.     No 
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matter  under  what  circumstancoa  tte  rajs  sliall  iiitorsaet,  it  can  never 
liappen  that  either  ray  will  extinguish  the  other,  or  that  the  phe- 
nomena of  dark  and  light  or  coloured  fr'nges  are  prod      d 

When  two  penoik  are  polarized  n  planes  for     ng  w  th       h    th 
an  ohiique  angle,  they  ■will  produce  fr  nges  b  t  of   nf         h  11  an  y 
to  those  exhibited  when  their  planes  of  polan:4at  oa  a     p  rail  1 

If  two  pencils  are  flrat  polarized  u  pbnea  at  r  ght  angl      t      ach 
other,  and  afterwards  have  their  planes  of  polarizat   n      nd    ed 
parallel,  which  may  always  he  aoconipi  he  1  e  ther  by    f  act   n 
flection,  they  will  not  recover  the  property  of  formm     fin         f  n 
terferenee,  of  which  they  were  deprived  by  reotangul     |  1        U  n 

But  if  a  pencil  of  common  light  be  first  eompletely  p  I  d  and 
then  he  divided  into  two  peneils  polarized  in  rectangu!  j.1  th  e 
two  penctls,  if  their  planes  of  polarization  be  again  rendered  parallel, 
will  acquire  the  property  of  interference,  and  will  exhibit  fringes. 

All  these  phenomena  admit  of  verification  by  the  polatisoopio  appa- 
ratus already  described. 

1282.  Compound  solar  light  cannot  be  completely  polarized  by  re- 
Jlection,  but  may  be  nearly  so.  —  Since  the  polarizing  angle  varies 
with  the  index  of  refraction,  and  since  white  solar  light  is  a  com- 
pound of  rays  having  different  indices  of  refraction,  it  follows  that  a 
pencil  of  solar  light  can  never  be  completely  polarized  by  a  reflecting 
surface,  for  the  angle  which  would  polarize  completely  one  of  its 
conslituentB  would  be  different  from  the  angle  which  would  polarize 
completely  another.  But  since  the  difference  between  the  polarizing 
angles  for  the  extreme  rays  in  the  case  of  glass  is  only  21',  and  in 
the  case  of  water  still  less,  it  follows  that  if  the  polarizing  reflector 
be  adjusted  at  the  polarizing  angle  of  the  rays  of  mean  refi^ngibility, 
the  rays  of  estreme  refrangibihty  will  fall  upon  it  at  an  angle  differ- 
ing very  little  from  their  polarizing  angle,  and,  consequently,  although 
they  will  not  be  completely,  they  will  still  be  very  nearly  polarized. 

1283,  Msence  of  complete  polarisation  rendered  evident  by  tour- 
maline.—  Nevertheless,  th    abs,  o        f      mpl  t    pi        t   n  n  th 
case  is  rendered  estrem  ly      d  nt  bj  th    th    t    t    t  th    plat      f 
tourmaline  already  desorib  d 

If  the  reflector  D,j?^.  410  b  adj  f  d  to  th  t  1  ng  ngl  f 
the  rays  of  mean  refrangib  1  ty  and  the  pit  fto  mln  ob 
applied  to  the  end  b  of  th  t  b    th       ys  p  nd    g  t    th   m  ddl 

of  the  spectrum  only  will  be  completely  ntere  pt  1  wh  n  th  asi  f 
the  tourmaline  is  brought  into  the  plane  of  polarization.  A  portion 
of  the  extreme  rays  at  both  ends  of  the  spectrum  will  be  transmitted 
through  the  tourmaline,  and  will  be  perceivable  as  bright  purple  light 
proceeding  from  the  mixture  of  the  red  and  violet  rays  which  are 
transmitted.  If  the  plate  d  he  then  adjusted  to  the  polarizing  angle 
of  the  violet  rays,  the  red  rays  will  be  transmitted  in  considerable 
quantitY,  and  the  yellow  less,  so  that  the  light  transmitted  will  be  a 
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reddish-orange ;  and  if,  on  the  other  hand,  the  polariHUg  plate  d  be 
a(3apted  to  the  polarizing  angle  of  the  red  rajs,  the  light  transmitted 
will  be  a  binish-green.  If  the  polaiizing  plate  d  be  composed  of  any 
higlilj  dispersive  substance,  such  as  cfiaaia,  diamond,  chromate  of  lead, 
reSgar,  or  specular  iron,  the  colour  of  the  unpolarized  light  trans- 
mitted from  the  tourmaline  will  be  found  to  be  extremely  bright  and 
beautiful. 

1284.  Effect  of  a  doubly  refracting  crystal  on  polarized  light. — 
Let  us  suppose  a  pencil  of  polarized  light  r  ^tfg-  413.,  to  be  incident 
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Fig.  413. 

perpendicularly  upon  a  plate  A  B,  cut  from  a  doubly  refracting  crystal, 
in  such  a  manner  that  its  surfaces  are  parallel  to  each  other  and  io 
the  optic  asis  of  the  crystal.  The  pencil  n  p,  in  passing  through  this 
plate,  will  be  dowbly  refracted,  the  oi-diaary  pencil  proceeding  in  the 
direction  p  0  0  of  the  original  pencil  R  P,  and  the  extraordinary  pencil 
taking  another  direction  p  K  through  the  crystal,  and  emerging  in  the 
direction  E  B,  parallel  to  that  of  the  incident  ray  r  p.  These  two 
Q  pencils  will  be  polarized  in 

rectangular  planes,  the  plane 
of  polarization  of  the  ordi- 
nary pencil  o  o  coinciding 
with  the  optical  asis  of  the 
crystal,  and  the  plane  of 
polarization  of  the  extraor- 
dinary pencil  E  E  being  per- 
pendicular to  it. 

To  render  this  more  dear, 
let  the  aimhi^g.  414.,  re- 
present a  section  of  the  inci- 
dent ray  E  p,  and  let  c  p  be 
the  direction  of  the  plane 
of  primitive  polarization  of 
the  ray  K  p.  Let  o  0  he 
parallel  to  the  optic  axis  of 
^  'S'  ■ii^.  ^jjg  crystal  A  B,  and  0  E  be 

perpendicular  to  it.    It  follows,  therefore,  that  c  o,Jig.  414.,  will  be 
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the  direction  of  tlie  plane  of  polarization  of  tte  ordinary  pencil  0  0, 
Jig.  413.,  and  c  E  wilt  lie  the  direction  of  the  plane  of  polariay,tioa 
of  the  estraordinary  pencil  e  'E,fig.  413. 

It  follows  from  the  principles,  of  the  undulatory  theory  (and  thia 
consequence  ia  confirmed  by  observation)  that  the  propottjon  in  which 
the  light  of  the  original  pencil  a  p  is  shared  by  the  ordinary  and 
estvaordinary  pencils  o  o  and  e  e  will  be  expressed  by  the  s< 
'a  which  the  plane  of  primitive  po 

0  p,  fig.  414.,  mates  with 
the  planes  of  polarization  of 
the  two  pencils  o  o  and  e  E, 
fig  41-J    respectively 

If  therefoie,  the  number 
of  rivs  m  the  on^inal  pen 
cil  E  P  be  espres'wd  by  the 
sqni,  of  the  ialu=  fig 
I  415  the  number  of  ray^ 
m  the  oidina  y  [  nul  o  O 
will  le  expressed  by  the 
square  f  c  m  -la  1  the  num 
lerof  rays  m  the  extraoi 
dinary  peaol  e  e  will  be 
espresied  by  the  squtre  of 
c  n  The  chinas  in;,ilent 
to  the  lelative  mttnsitiea  of 
the  ordmijy  and  extraordi 
nary  pencils  produced  by  the  plate  a  b  miy  then  be  eisily  inferred 
from  the  diagram,^.  414. 

If  the  plane  of  polarisation  of  the  ori^ual  ray  n  p  coincide  with 
the  axis  of  the  crystal  A  a,  then  w^fig.  414.,  will  coineidewith  c  0, 
and  the  number  of  ra,ya  in  the  pencil  o  a,  fig.  413.,  will  be  espre^ed 
by  the  square  of  the  radius  c  o,  while  the  pencil  b  e  will  vanish ;  for, 
in  this  case,  c  m  will  become  equal  to  C  o,  and  o  n  will  vanish. 

As  the  plane  of  primitive  polarization  0  V  mates  an  increasing 
angle  with  c  O,  O  m,  whose  square  represents  the  number  of  rays  in 
■'  e  pencil  oo,  will  decrease,  and  on,  whose  square  represents  the 
imber  of  raja  in  the  pencil  e  e,  will  increase.  The  one  pencil, 
therefore,  will  diminish,  aad  the  other  increase  in  intensity.  When 
the  plane  of  primitive  polarization  c  p  makes  an  angle  of  45°  with 
the  axis  0  o  of  the  crystal,  the  line  c  p  will  bisect  the  angle  0  0  E,  and 
and  C  m  wiU  become  equal  to  C  w.  In  this  position,  Uierefore,  the 
ordinary  and  extraordinary  pencils  oo  and  iiE,fig.  413.,  will  become 
equally  intense,  or  contain  the  same  number  of  rays. 

When  the  plane  of  primitive  polarization  c  p  makes  with  the  axia 
0  0  of  the  crystal  A  b  a  greater  angle  than  45°,  C  m  becomes  less  than 
0  n,  and  oonscquentiy  the  ordinary  pencil  0  Oifig.  413.,  contains  leBS 
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rays  tlian  the  estvaordiEary  penoil  ee;  and  as  the  angle  included  be- 
tween 0  r  and  c  o  inoreasea,  the  extraordinary  pencil  will  become  rela- 
tively more  intense,  and  the  ordinary  penoil  less  so,  until  the  plane 
of  primitive  polarization  0  p  maltes  a  right  angle  with  the  axis  c  o  of 
the  crystal;  in  which  case  c  p  will  coincide  with  0  b,  0  »  will  become 
equal  to  C  E,  and  0  m  will  vanish. 

Thui9  the  ordinary  pencil  o  a,  jig.  413.,  will  disappear,  and  all  the 
rays  of  the  incident  pencil  b  P  will  pass  into  the  emergent  estvaordi- 
nary  penoil  BE.  A  lite  succession  of  changes  of  intensity  will  take 
place  if  we  suppose  the  axis  of  primitive  polarization  c  p  to  revolve 
through  another  quadrant;  the  rays  of  the  estraordinaiy  pencil  gra- 
dually passing  into  the  ordinary  one,  and  the  extraordinary  one  van- 
ishing, and  the  ordinary  penoil  aci^uiring  the  same  intensity  as  the 
incident  pencil,  when  the  plane  of  polarization  again  coincides  with 
the  direction,  of  the  axis  of  the  crystal. 

It  thus  appears,  that  in  a  complete  rcTOlution  of  the  plane  of  primi- 
tive polarization,  or,  what  is  the  same,  if  that  plane  be  fixed,  in  a  com- 
plete rcTolulJon  of  the  plate  a  b  in  its  own  plane,  there  will  be  two 
positions,  180°  asunder,  in  whioh  all  the  rays  of  the  primitive  penoil 
will  pass  into  the  ordinary  pencil,  and  consequently,  in  which  the 
primitive  pencil  will  undergo  no  change  either  in  its  intensity  or  its 
polarization.  Therefore,  there  will  be  two  positions  at  tight  angles 
to  these  in  whioh  the  primitive  penoil  again  undergoes  no  change  ia 
intensity,  but  ia  which  it  is  converted  into  the  extraordinary  pencil 
B  E,  ifa  piaoe  of  polarization  being  turned  through  90",  and  receiving 
a  direction  at  right  angles  to  that  of  the  plane  of  primitive  polariza- 
tion. In  the  intermediate  positions  between  these  four  directions,  the 
relative  intensities  of  the  ordinary  and  extraordinary  pencils  undergo 
constant  change;  that  of  the  ordinary  pencil  being  greater  ov  less 
than  that  of  the  extraordinary  pencil,  according  as  the  plane  of  primi- 
tive polarization  makes  a  less  or  greater  angle  thaa  46°  with  the  axis 
of  the  crystal  A  B,  and  the  intensities  of  the  two  pencils  are  equal  in 
the  four  positions  in  which  the  axis  of  primitive  polarization  is  ia- 
cliaed  at  45°  to  the  axis  of  the  crystal. 

1285.  Effects  produced  by  a  secmid  dtmhl]/  refracting  crystal.  — 
If  we  now  suppose  the  ordinary  and  extraordinary  pencils  0  0  and 
E  'E,fy.  413.,  to  be  incident  perpendioularly  upon  another  doubly  re- 
fracting plate  a'  b*,  cut  with  surfaces  parallel  to  each  other  and 
to  its  optic  axis,  as  before,  they  will  each  be  again  doubly  refracted. 
The  ordinary  penoil  0  0  will  be  divided  into  another  ordinary  penoil 
0  0  and  an  extraordinary  pencil  e  e,  while  the  extraordinary  penoil  e  e 
will  also  be  doubly  refracted  and  resolved  into  two,  an  oi-dicary  pencil 
o'  o',  and  an  extraordinary  penoil  e'  e',  all  these  four  pencDs  emerging 
parallel  to  the  primitive  pencil  n  p. 

To  determine  the  proportion  in  which  the  rays  of  the  original  pen- 
cil R  E  are  distributed  among  these  four  pencils,  let  0  o,jie.  415., 
728       . 
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represent,  aa  before,  tlie  direction  of  tho  optical  axis  of  t!io  plate  A  B 
and  therefore  tlae  plane  of  polarization  of  tho  ordinary  pencil  o  o; 
and  conseqnently  o  e,  perpendicular  to  c  o,  will  represent  the  pSane 
of  polarization  of  the  esfraordinary  pencil  E  E.  Let  o  o  represent  the 
direction  of  the  optical  asis  of  the  plate  A'  b'j  and  let  o  e  he  a  line 
perpendicular  to  it. 

According  to  what  has  been  already  explained,  the  planes  of  polar- 
ization of  the  ordinary  pencils  o  o  and  (/  o'  will  ooinoide  with  c  a,  the 
optical  axis  of  the  plate  a'  b',  while  the  planes  of  polarization  of  the 
ixtritordinary  pencils  e  e  and  e'  e'  will  coincide  with  the  line  c  e  pcr- 


If  the  square  of  the  radius  CPj^fig.  415.,  express  the  nnmher  of 
rays  in  the  original  pencil  R  P,  the  square  of  c  m,  as  ah'eady  explained, 
will  express  the  number  of  rays  in  the  pencil  o  o,  and  the  square  of 
C  n  the  nnmher  of  rays  in  the  pencil  e  k 

To  obtain  expressions  for  the  intensities  of  the  pencils  into  which 
these  latter  are  resolYed  by  the  second  crystal  a'  b',  let  circles  be 
described  with  0  as  a  centre,  and  c  m  and  0  n  respectively  aa  radii. 
Fi-om  m  draw  m  n'  perpendienlar  to  c  e,  and  m  mf  perpendicular  to  0  o. 
Since,  then,  the  square  of  C  m  expresses  the  number  of  rays  in  the 
pencil  0  0,  the  square  of  o  m'  will  express  the  number  of  rays  in  the 
pencil  0  o,  and  the  square  of  c  n'  wiil  espross  the  number  of  rays  in 
the  pendi  e  e. 

In  like  manner,  if  from  n  we  draw  «  m"  and  n  n"  at  right  angles 
respectively  to  0  o  and  0  e,  the  number  of  rays  in  the  pencil  o*  o'  will 
be  expressed  by  the  square  of  c  m",  and  the  nnmber  of  rays  in  the 
pencil  e'  e'  will  he  expressed  by  the  square  of  o  n".  We  shall  there- 
fore have  the  following  analysis  of  the  intensities  of  the  emergent 
pencils  of  the  ordinary  and  estraordinary  rays  produced  by  the  first 
plat»  A  B,  and  of  the  four  pencils,  ordinary  and  extraordinary,  pro- 
duced by  the  second  plate  a'  b', 

Inteasity  of  original  pencil  b  p  is  eipreased  1  y  c  p' 

"  ordinary  pencil  0  0"  cirp 

"  oub-aordinary  pencil  b  b   "  on' 

"  ordinary  peooil  oo            "  c  ji  ' 

"  estraordinary  pencil  ee    "  on™ 

"  ordinary  pencil  o'  o'          "  cm' 

"  eKtraordinarjpenoil  e'e' "  o  j/'^ 

If  we  suppose  the  plate  a'  b'  to  he  turned  round  its  centie,  so  aa 
to  mate  its  optical  axis  o  o,^g.  415.,  revolTe,  miking  varying  angles 
with  the  planes  of  polariaalion  of  the  nys  o  o  and  e  e,  a  succession 
of  changes  will  take  place  in  the  two  pans  of  ordinary  and  estr'iordi- 
nary  pencils  emerging  from  the  plate  a'  E  ,  in  all  respects  analogous 
to  those  which  have  been  already  described  as  having  taken  place  iii 
the  pencils  o  0  and  b  b  emerging  from  the  first  plate  A  B. 
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This  cliaugo  can  be  easily  inferred  fromj^.  415.,  where  C  o  repre- 
sents the  direclioD  of  the  optical  axis  of  tbe  crystal  a'  b',  and  0  O 
and  0  E  tlie  planea  of  polarization  of  the  pencils  o  o  and  E  E. 

Thus,  if  we  suppose  the  crystal  A  B  turned  into  such  a  position  that 
its  optical  axis  C  o  sliall  coincide  with  0  0,  then  0  w'  will  become  equal 
to  0  (ft,  and  o  ti  will  vanish ;  therefore  the  pencil  o  o  will  contain  all 
the  rays  of  the  incident  pencil  o  o,  and  will  have  the  same  plane  of 
polarization,  while  the  pencil  e  e  will  vanish.  At  the  same  time  that 
this  takes  place,  0  e  will  coincide' with  c  e,  and  consequently  o  n"  will 
become  equal  to  c  n,  and  c  m"  will  vanish.  Therefore  the  pencil  e'  e' 
will  contain  all  tie  rays  of  the  incident  pencil  e  e.  Thus  it  appeara 
that  in  this  ease  the  second  plate  a'  b'  will  make  no  change  whatever, 
cither  on  the  intensities  or  Uie  planes  of  polaiiaation  of  the  two  rays 
o  0  and  E  B  that  enserge  from  tie  first  crystal  A  B.  If  the  axis  of  the 
second  crystal  C  o  be  turned  round  so  as  to  make  a  gradually  increi\8- 
ing  angle  with  tie  axis  c  o  of  a  b,  then  the  lines  C  n'  and  0  m"  will 
gradually  increase,  and  the  lines  c  m'  and  C  n"  will  gradually  diminish. 
Therefore  the  intensities  of  the  ordinary  pencil  o  o  will  gradually 
diminish,  and  that  of  the  extraordinary  pencil  e  e  wiJl  gradually 
increase ;  and,  at  the  same  time,  the  intensity  of  the  extraordinary 
pencil  e'  e'  will  gradually  diminish,  and  that  of  the  ordinary  pencil 
c/  o'  will  gradually  increase. 

When  the  axis  0  o  of  the  crystal  A'  b'  makes  an  angle  of  45°  with 
the  asia  c  o  of  the  crystal  A  B,  then  the  four  pencils  will  have  equal 
intensities,  for  in  such  case  0  o  will  bisect  the  angle  0  C  £,  and  the 
line  0  e  will  bisect  the  angle  o'  C  B  j  and  in  this  case  it  is  evident  that 
all  the  four  lines  c  m',  c  »',  c  m",  and  c  »"  will  be  equal ;  and  since 
their  squares  express  the  intensities  of  the  four  pencils,  these  intensi- 
ties will  be  equal.  When  the  angle  formed  by  the  asis  C  o  of  the 
plate  a'  b',  still  increasing,  forms  an  angle  greater  than  45°  with  the 
asis  c  o  of  the  plate  A  B,  then  the  line  o  »'  becomes  greater  than  c  m', 
and  consequently  the  pencil  e  e  becomes  more  intense  fian  the  pencil 
0  0.  At  the  same  time,  the  line  c  n"  will  become  less  than  c  m",  and 
consequently  tlie  pencil  e'  e'  will  become  less  intense  than  the  pencil 
o'  (/.  These  inequalities  between  the  respective  pencils  wUl  gradually 
increase  with  the  gradually  increasing  angle  formed  by  the  axis  of  the 
plate  a'  b'  with  the  axis  of  the  plate  a  b,  until  these  axes  form  a 
right  angle  with  each  other,  in  which  case  the  pencils  o  o  and  e'  e'  will 
vanish,  and  the  pencil  e  e  will  contain  all  the  rays  of  the  pencil  o  o, 
and' the  pencil  o  d  will  contain  all  the  rays  of  the  pencil  E  B.  Thus 
when  the  axis  of  the  crystal  a'  b'  is  applied  at  riglit  angles  to  the 
axis  of  the  crystal  A  B,  no  change  is  made  in  the  intenaitjes  of  tbe 
two  pencils  incident  upon  this  second  crystal ;  but  the  planes  of  polari- 
zation are  respectively  moved  through  a  right  angle,  tbe  ordinary 
pencil  being  converted  into  an  extraordinary  one,  and  the  extraordi- 
730 


<Ktoi..,Goo^lf 


CHROMATIC  PHENOMENA  OF  POLARIZED  LIGHT.     261 

in  ordinary  pencil.     It  is  clear  that 
rill  talta  place  throughout  each  aac- 

ceasive  quadrant  tbrougb  which  the  optical  asea  of  the  plates  are 

turned. 
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1286,  Chromatic  phenomena  explicable  hy  undulatory  hypothesis. 
—  The  splendid  priamalic  colours  arranged  in  the  form  of  concentric 
i-ings,  interaectod  by  dark  and  bright  reotaugular  crosses,  and  occa- 
sionally by  hyperbolic  curres,  are  among  the  most  remarkable  and 
beautiful  phenomena  developed  by  modem  experimental  researches  in 
optics.  No  triumph  of  theory  can  be  more  complete  tlian  the  solu- 
tion of  these  complicated  appearances  afforded  by  the  undulatory  hypo- 
thesis. 

Any  description,  however,  of  these  multitudinous  and  various  ap- 
pearances, much  more  any  exposition  of  the  matliematieal  solution  of 
them  supplied  by  the  undulatory  theory  of  light,  would  he  incompat- 
ible with  the  ohjecta  and  the  necessary  Umita  of  diis  volume.  While, 
however,  we  cannot  enter  into  tlieso  details,  we  must  not,  on  the  other 
hand,  pass  over  in  absolute  silence  such  phenomena. 

1287.  Effect  produced  by  the  transmission  of  poJarixed  light 
through  thin  douhly  refracting  plates.  —  To  convey  some  idea  of  tho 
principles  on  which  these  phenomena  are  based,  let  us  suppose  the 
plates  A  E  and  a'  b'  to  he  so  thin  that  the  separation  of  the  pencils 
into  which  the  primitive  pencil  K  P  is  resolved  will  be  inconsiderable. 
In  snch  case,  althougli  the  changes  described  in  the  last  chapter  will 
still  be  made  ia  their  planes  of  polarization,  the  pencils  will  more  or 
less  overlay  each  other,  so  that  the  rays  composing  one  will  fall  within 
the  limits  of  and  be  mixed  witi,  the  rays  of  the  other. 

It  might  therefore  be  inferred  that  the  intensity  or  brilliancy  of 
the  pencils  formed  by  each  combination  would  be  found  by  adding 
together  the  measures  of  tlieiv  separate  intensities.  Thus,  the  two 
pencils  o  o  and  o'  o',  whose  separate  intensities  are  expressed  by  C  7^\ 
and  C  m"^,  woiild  have  thire  combined  intensity  expressed  by 
0  m''  -F  c  m"'. 

But  it  must  be  considered  that  polarized  light  is  subject  to  inter- 
ference when  its  planes  of  polariaation  are  parallel,  which  they  are  in 
the  two  cases  here  supposed,  tlie  planes  of  polarization  of  the  pencils 
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o  o  and  o'  o'  being  both  parallel  to  tbe  axla  of  tbe  crystal  A'  b',  and 
the  plauea  of  polarisatioa  of  the  pencils  e  e  and  e'  e'  being  both  per- 
pendicular to  it.  If,  therefore,  the  other  conditions  of  interference 
be  fulfilled,  it  will  follow  that  the  rays  of  these  two  pairs  of  pencils 
would  alternately  estingiiish  one  another,  or  produce  a  brillianey 
equal  to  the  sum  of  their  intensities,  according  to  the  phases  under 
which  the  luminous  undulations  meet. 

But  it  is  easy  to  show,  that,  provided  one  or  both  of  the  crystals 
A  B  and  a'  b'  have  a  certain  degree  of  thinness,  the  rays  of  the  two 
pencils  would  fulfil  the  conditions  which  clotermins  interference. 

To  prove  this,  it  must  be  considered  that  tbe  indices  of  ordinary 
and  extraordinary  refraction  are  different;  therefore  tbe  velocities  of 
the  undulations  in  passing  through  the  crystals  will  be  diflerent,  if 
one  be  ordinarily  and  tbe  other  extraordinarily  refracted;  and  if  this 
difference  be  such  as  to  produce  by  the  undulation  of  the  emergent 
pencils  that  relation  Tfhioh  determincB  interference,  that  phenomenon 
must  ensue.  Now,  on  consideiiog  the  refraction  which  the  pencils 
o  o  and  o'  (/  have  suffered,  it  wUl  appear  that  the  former  has  under- 
gone ordinary  refraction  by  both  crystals,  while  the  latter  has  suffered 
extraordinary  refraction,  by  tbe  crystal  ab,  and  ordinary  refr'aciaon 
by  the  crystal  a'  b'.  Their  velocities,  therefore,  through  the  crystal 
A  B  will  be  different ;  and  if  the  thinness  of  the  crystal  be  such  that 
the  undulations  of  the  original  rays  are  so  related  as  to  fulfil  the  con- 
ditions of  interference,  interference  will  ensue. 

The  same  observations  will  be  applicable  to  the  pencils  e  e  and  e'  e', 
the  latter  of  which  has  suffered  extraordinary  refraction  by  both  crys- 
tals, and  the  former  ordinai'y  refraction  by  A  B,  and  extraordinary  re- 
fraction by  A'  tf. 

1288,  Coloured  rings  and  crosses  e.-epltdned.  —  If,  therefore,  the 
plates  be  reduced  to  such  a  degree  of  thinness  as  to  produce  the  phe- 
nomena of  interference,  a  series  of  bright  and  dark  rings  will  be  pro- 
duced; but  as  such  rings  will  depend  on  the  indices  of  refraction,  and 
as  these  indices  differ  for  each  species  of  homogeneous  light  it  will 
follow  that  a  different  system  of  lings  would  be  produced  by  b 
species  of  homogeneous  light,  of  which  the  primitive  pencil  a  p  m  ^ht 
be  composed;  and  if  such  pencil  be  composed  of  compou  d  la 
r  ht    h       h         il"  g  ai     h         b'  h    'lib         d      i 
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appearances  produced  by  eryitals  witb  two  axes  are  analogous  to  theRe, 
though  somewhat  more  complicated 

In  these,  two  Bystems  of  rings,  whioh  sometimes  as'*ume  the  form 
of  the  curves  called  leraniscates,  whith  have  the  f  rm  of  the  fi^uie 
of  8,  are  produced,-  and  the  oroas  13  often  couveilcd  mti  hyperbolic 
curves,  which  in  certain  positions  assume  the  form  of  a  cioss,  tie 
hyperbola  passing  into  its  asymptoa 

To  ^ve  a  complete  analysis  of  thc'te  cnmplioited  and  beautiful 
ohromatic  phenomena  would  be  imprasible  withm  the  necessary  limits 
of  this  volume;  enough,  however,  has  been  explained  rf  the  pimciples 
of  polarization  to  render  their  general  theory  intelligible ;  and  we  shall 
therefore  now  confine  ourselves  to  a  general  description  of  some  of  the 
most  interesting  of  the  phenomena  produced  by  transmitting  polarized 
light  through  doubly  refracting  media. 

1289.  Method  of  observing  and  analyiwg  these  phenomena.  — 
Apparatus  of  jybremberg.  —  The  polaiiscopic  apparatus  of  Norem- 
berg,  represented  ivi_fig.  416.,  supplies  convenient  means  of  observing 
uod  analyzing  the  chromatic  phenomena  of  polarized  light. 

The  polarizing  apparatus  is 


the  lower  part  of 
the  instrument,  and  consists  of 
the  frame^containingthe polar- 
izing plate,  the  horizontal  re- 
flector m,  and  other  aco^sories. 
By  means  of  these  a  pencil  of 
light  polarized  in  any  required 
plane  can  be  transmitted  ver- 
tically upwards,  so  as  to  pass 
through  the  centre  of  the  rings 

The  rings  v  and  s  are  gror 
duated,  and  a  tube  is  inserted 
in  each  of  them,  having  an  in- 
dex which  plays  on  the  divided 
scale  "as  the  tube  is  turned  round 
its  centre  within  the  ring.  Plane 
reflectors  inclined  at  variable 
angles,  plates  of  doubly  refract- 
ing crystals,  doubly  refracting 
prisms,  bundles  of  paiallel  plates 
of  glass  and  other  polariscopic 
test*),  ore  set  in  short  tubes  ca- 
pible  of  being  fixed  in  one  or 
other  of  the  rings  ti  and  s.  80 
the  polarized  pencil  transmitted 
npwaids  along  the  axis  of  the 
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apparatus  may  first  be  made  to  pass  ttrough  the  plate  iDserted  in  v, 
and  may  then  be  esamined  by  an  inclined  reflector  ortourmaliBe  plate, 
a  doubly  refracting  prism,  or  by  any  other  polariscopic  test  which  may 
be  fised  in  s.  The  portion  of  the  iftdic«3  which  move  on  the  divided 
tardea  of  ti  and  s  will  indicate  the  position  and  changes  of  position  of 
the  planes  of  polarization. 

1290.  Efecl  of  rock  crystal  —  Let  a  plate  of  rock  cryetal,  with 
surfaces  cut  parallel  to  its  optic  asia,  the  thickness  of  which  does  not 
exceed  the  50th  of  an  inch,  be  placed  on  the  ring  u  ;  and  let  a  doubly 
refracting  prism,  with  a  single  asia  of  double  refraction,  be  placed 

Lot  us  first  suppose  that  the  asis  of  this  prism  coincides  with  the 
plane  of  polarization  of  the  pencil  incident  on  the  plate  v,  and  let  the 
asia  of  this  plate  be  first  placed  in  the  plane  of  polarization.  In  that 
case  the  incident  ray  will  pass  through  both  crystals  without  change, 
and  an,  eye  placed  above  the  prism  at  s  will  see  only  the  ordinary 
image  of  the  object  from  which  the  pencil  issues.  If  the  axis  of  o 
be  turned  at  right  angles  to  the  plane  of  polarization,  a  single  image 
only  will  be  seen ;  but  in  this  case  it  will  be  the  extraordinary  image, 
and  the  plane  of  its  polarization  will  be  perpendicular  to  the  plane  of 
primitive  polarization.     The  images  will  in  both  cases  be  white. 

In  all  intermediate  positicna  of  the  axis  of  the  plate  «,  two  images 
will  be  seen,  which  will  partly  overlay  each  other,  as  represented  in 
^g  417      Those  p'irts  which  are  not  superposed  will  have  colours 
esa    y  complementary,  and  fie   super- 
>  1  parts  on  which  these  colours  are 
ttb  n  d  will  be  white. 
-Va  he  plate  11  is  turned  round  its  centre 
ho    h  90°,  from  the  position  in  which 
as    coincides  with  the  plane  of  primi- 
ve  polirization  to  the  position  in  which 
t     at  right  angles  to  that  plane,  the  two 
^  0  ages  pass  throuch  a  series  of  tints  of 

w        h  CO    pieu  enfary),  and  through  various  degrees 

ul  relative  brightnp=s  their  most  vivid  colours  being  exhibited  when 
the  axis  is  at  45°  with  the  plane  of  primitive  polariaation. 

The  some  chauj,ei  take  place  in  each  successive  quadrant  through 
which  the  axis  of  v  reiolvea 

If  the  asis  of  the  pn«m  s  be  placed  it  light  angles  with  the  plane 
of  primitive  polirization,  a  like  succession  of  appearances  will  be  ex- 
hibited, the  ordinary  and  extracrdmaiy  imc^s,  however,  interchang- 
ing places 

If  the  axis  of  the  prism  s  be  pliced  at  any  oblique  angle  with  the 
plane  of  primitive  polarization  a  like  succession  of  effects  will  be  ob- 
served; but  m  this  case  the  single  imager  will  be  exhibited  when  the 
axis  of  the  prism  s  coincEdes  with,  and  is  at  right  angles  with  that  of 
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tho  plate  V  ;  and  the  double  coloured  imagea  appear  in  the  interme- 
diiite  poMtions,  the  images  having  the  greatest  splendour  whefi  the  two 
axes  iuteraeot  at  aa  angle  of  45". 

Tliere  is  therefore,  ia  all  cases,  a  single  image  in  four  portions  in 
each  revolution,  these  four  positions  being  at  right  angles  to  each 
other;  and  intermediate  between  these,  there  are  four  other  positions, 
also  at  right  angles  to  each  other,  at  whicli  the  complemoatary  images 
attain  their  greatest  brightness. 

Plates  of  rock  crystal  more  than  the  50tli  of  an  inch  in  thickness 
produce  lite  effects,  but  with  less  brilliant  colours.  In  general,  the 
colours  vary  with  the  thickness  of  the  plate,  the  more  brilliant  lints 
being  produced  by  the  thinnest  plates. 

Different  crystals  eshibit  striking  differences  in  these  chromatic 
phenomena.  Thus  Biot  found  that  caa-bonate  of  lime  cut  parallel  to 
the  axis,  required  to  be  eighteen  times  thinner  than  rook  crystal  to 
produce  the  same  tint.  This  circumstance  renders  it  difficult  to  ob- 
serve these  phenomena  with  carbonat*  of  lime. 

1201.  Effect  of  Iceland  spar  inclosed  belteeen  two  plates  of  tour- 
maline. —  liOt  a  plate  of  Iceland 
spar  less  than  an  inch  thick  be 
cut  with  parallel  surfaces  at  right 
angles  to  its  optio  axis.  If  this 
be  placed  between  two  plates  of 
tourmaline  cut  parallel  to  their 
,  asea,  a  series  of  beautiful  chro- 
matic phenomena  will  be  ob- 
served by  looking  through  it  at 
the  clouds.  If  the  axes  of  tho 
tourmalinee  are  placed  at  right 
angles,  the  crystal  will  eshibit 
a  system  of  eoncentnc  rings  of 
the  most  vivid  colours,  intei 
Fig.  41S  sected  by  a  dark  cro'-'',  as  repre 

..nfdinA.  418. 
If  the  axis  of  one  of  the  tourmalines  be  turned  gndually  round, 
niaiiog  a  decreasing  angle  with  the  axis  of  the  other,  the  tints  of  the 
rings  will  undergo  a  aeries  of  changes,  and  the  dark  cross  will  show 
a  space  in  the  midst  of  each  of  its  arms  faintly  luminous,  as  repre- 
sented in_^^.  419.  These  changes  vrill  proceed  until  tbe  asis  of  the 
one  tourmaline  becomes  parallel  to  the  other,  when  the  cross  will 
become  white,  and  all  the  tints  of  the  rings  will  become  complemen- 
tary to  those  which  they  had  in  the  first  position,  as  represented  in 
fg.  420. 

If,  instead  of  presenting  the  crystal  to  the  white  light  of  the 
heavens,  a  pencil  of  homogeneous  light  be  transmitted  through  it, 
the  rings,  instead  of  showing  various  tints  will  be  alternately  dark 
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and  f  ih  olou  of  lie  homogpneoua  li^lit  ani  the  eio'*?  in  like 
manu  w  11  be  e  ther  d  k  oi  of  tki,  colour  of  tke  iame  light  Tho 
da  3  of  the  cces  ye  rings  will  be  diffeient  for  each  coloured 
1  It  be  ng  greater  t  r  the  more  tefiangible  colours,  and  the  diame 
of  r  ng  1  r  the  same  colour  will  inoie-i^e  aB  the  thickness  of  tbe 
crystal  is  dimiuiBhed. 

It  is  evident  that  the  Hjsffim  of  rays  produced  by  white  light  results 
from  the  superpoation  of  the  several  systems  produced  sepaiately  by 
tho  homogeneous  coloured  lights. 

The  white  cross  produced  by  white  light,  when  the  axes  of  the 
tourmalines  are  parallel,  is  in  like  manner  produced  by  the  Bupcrpo=i- 
tion  of  all  the  coloured  crosses  produced  by  the  homogeneous  hghts 
severally. 

1292.  "Effects  produced  by  other  uni-etxial  crystals. — Phenomena 
analogous  to  these  are  produced  hy  all  crystals  Laving  a  single  asia  of 
double  refraction,  such  as  rock  crystal,  tourmaline,  zircon,  nitrate  of 
soda,  mica,  hyposulphate  of  lime,  apophyllite,  &as.  In  some  eases, 
however,  the  effects  are  modified  by  conditions  pecuHai  to  the  species 
of  crystal  under  examination.  Thus,  in  the  case  of  rock  crystal,  the 
cross  disappears,  in  consequence  of  the  effect  of  circular  polarization, 
which,  we  shall  presently  notice.  In  otiier  crystals  there  appear  to  be 
different  optio  axes  for  lights  of  different  refrangibilities,  which  pro- 
duce modflcations  in  the  appearance  of  the  rings  and  crosses. 

Of  all  crystals,  the  most  convenient  for  tie  exhibition  of  tkese 
phenomena  is  Iceland  spar. 

1293.  Effect  of  biraxial  crystals ;  nitrate  of  potassa. — If  a  plate 
of  nitrate  of  potassa  (a  crystal  having  two  ases),  with  parallel  sur- 
faces cut  at  right  angles  to  its  optic  axis,  be  placed  in  like  manner 
between  two  plates  of  tourmaline  cut  parallel  to  their  axes,  a  series 
of  chromatic  appearances  will  be  observed,  which  are  represented  in 

ligs.  421.,  422.,  and  423. 
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CHROMATIC  PHENOMENA  OF  fOLAiilZED  LIGHT.     '-^O? 


Fig.  421. 

If  the  axes  of  the  tourmalines  are  placed  at  right  angles,  the  crystal 
itself  being  properly  placed  between  them,  a  dark  cross,  ^g.  421., 
will  he  seen  iateraeolJng  a  double  system  of  coloured  riDgs,  the  com- 
mon centres  of  which  coiTcspond  to  the  position  of  the  two  ases  of 
the  intermediate  crystal. 

If  the  crystal  be  turned  gradually  roimd  its  centre  between  the 
tourmaline  plates  without  deranging  the  position  of  the  latter,  the 
cross  will  gradually  assume  the  form  of  two  hyperbolic  curyes,  and 
theringa  will  change  their  position  and  tints  as  represented  in  jli^.  422. 
When  the  crystal  has  been  turned  through  half  a  quadrant,  the 
appearance  will  be  that  represented  in^;^'.  423.,  and  after  which  it 
will  assume  a  form  like  that  oifig.  422.,  but  more  inclined  to  the 
horizontal  position ;  and,  in  fine,  when  the  crystal  has  been  turned 
through  a  quadrant,  the  appearance  will  be  that  repre=iented  In^^ 
421.,  the  Yertical  aims  of  the  cross,  and  the  line  lommg  the  centres 
of  the  systems  of  ooneentrio  rings,  being,  howeier,  honzontal 

1294.  Effect  of  the  carbonate  of  lead.  —  The  caibonate  of  lead, 
another  crystal  with  two  axes,  gives  appearanceh  analogous  to  those 
of  nitrate  of  potassa.     These  are  represented  in  fy  4'J4 

1295.  Coloured  bands  produced  iy  an  aaUe  prism,  of  rock  cryttal 
— If  a  piece  of  rock  crystal  be  cut  in  the  form  of  a  prism,  with  a  very 
jicute  angle,  one  surface  forming  the  angle  being  parallel  to  the  optic 
jisis,  and  the  other  therefore  slightly  inclined  to  it,  a  pencil  of  polar- 
ized light  transmitted  through  it  will  exhibit  to  the  naked  eye  a  series 
of  alternated  red  and  green  fringes,  proyided  the  eye  is  placed  at  some 
distance  from  the  crystal,  and  the  thickness  through  which  the  Ught 
passes  dees  not  esceed  the  50th  of  an  inch.     These  coloured  bands 
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g   433  Fig   4S4 

e  Tivid  iihen  viewpd  througt  a  plate  of  toimnobne  and  it  la 
easy  to  observe  tLat  they  attiin  their  greatest  bn^jhtne  s  when  the 
asia  of  the  pnsm  is  inchned  at  45"  to  the  ].lme  of  prmiitiye  polan- 

12'^G  Polan  mq  slruclua-e  ariijicially  produced  tn  glass  and 
othfr  media  — A  djuHy  ri.fi  iot  ng  and  p  liiiang  str  cluie  may  be 
produced  in  glass  and  other  transparent  b  dies  by  milecular  changes 
in  their  structure  consequent  on  Budden.  changes  of  temperatuiej  and 
BOmefiiiies  by  mere  moehanioal  pres=iure 

If  a  circular  plate  of  glass,  about  an  inch  in  diameter  and  half  an 
inch  thick,  be  exposed  to  a  high  tempeiature  by  contact  with  a  heated 
body  which  is  a  good  conductor,  so  ttat  its  temperaf  aie  near  the  edges 
shall  be  higher  tlian  at  the  centie  or  if  cu  the  contrary  it  be  raised 
to  a  higher  temperature  at  tie  centre  lian  near  the  edges,  it  will  ex- 
tihit  the  phenomena  of  rectangular  crosses  and  coloured  rings,  like 
those  produced  by  doubly  refracting  crystals. 

If,  in  this  case,  the  plate  l>e  oval,  it  will  eshibit  appearances  indi- 
cating two  ascs  of  double  refraction. 

When  a  plate  is  reduced  to  a  Tiaiform  temperature,  these  appear- 
ances cease, 

These  phenomena  are  sasceptible  of  infinite  variation,  according  to 
the  shape  of  the  plate,  which  may  be  square,  oblong,  or  of  any  other 
form.  Tlie  disposition  and  form  of  the  fiinges  and  rings  will  vary 
with  the  form  of  the  plate. 

A  permanent  doubly  refracting  and  polaming  structure  may  be  im- 
parted to  glass  by  raising  it  to  a  high  temperature,  and  then  c 
it  rapidly,  by  placing  it  in  contact  with  t' 


3  cold  surfaces  of  metals. 
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CIRCULAR  POLARIZATION. 


The  metallic  surfaces,  iu  tliis  case,  may  Ijo  formed  into  aa  infiaite 
variety  of  fancy  patferaa,  whioli  will  haye  the  effect  of  produeiog  cor- 
responding optical  effeota  of  great  beauty. 


CIRCULAE  POLARIZATION. 

1297.  Cmm  in  w/jisA  the  change  of  the  plane  of  poJarizaiten 
varies  witJi  the  thickness  of  the  crystal.  —  In  all  the  cases  noticed  in 
the  preceding  chapter  in  which  a  ray  of  polarized  light  pagaes  through. 
a  plate  of  doubly  reiracting  crystal,  the  change  prodnoed  upon  its 
plane  of  polarization  is  quite  independent  of  the  thickness  of  the 
crystal;  this  chan^  depending  solely  upon  the  relative  position  of 
the  plane  of  primitive  polarisation  and  the  axis  of  the  crystal. 

"S^e  have  now^  however,  to  notice  another  class  of  polarizing  influ- 
ences, in  which  the  change  produced  in  the  plane  of  polarization  of 
the  ray  transmitted  will  vary  with  the  thickness  of  the  crystal. 

If  a  plate  of  rock  crystal  be  cut  with,  parallel  aurfaoaa  perpendicular 
to  its  optical  axis,  a  ray  of  polarized  light  transmitted  through  it  will 
have  its  plane  of  polarization  changed,  and  turned  through  a  certain 
angle.  If  the  thickness  of  tho  plate  be  doubled  or  halved,  then  the 
angle  tbrongh  which  the  plane  of  polaiiEation  of  the  ray  is  tnrned 
will  also  he  doubled  or  halved.  In  a  word,  the  angle  through  which 
the  plane  of  polarization  would  revolve  when  the  ray  passes  through 
the  crystal,  will,  for  the  same  crystal,  be  proportional  to  tie  thickne^ 
of  the  plate. 

The  direction  in  which  the  plane  of  polarization  is  thus  made  to 
turn  is  difierent  in  different  specimens.  Thus,  two  different  plates  of 
rook  crystal,  having  the  same  thioknesB,  will  turn  the  plane  of  polar- 
ization, one  to  the  left  and  the  other  to  the  right. 

■"198.  The  angle  through  which  thai  plane  is  turned  varies  with 
efrangihility  of  the  liglit.  —  The  angle  through  which  the  plane 
^lolarization  is  turned  depends  also  upon  the  retrangihility  of  the 
light  transmitted  through  the  crystal,  the  angle  increasing  with  the 
r^angihility.  Thus,  if  a  polarized  ray  of  red  light  he  transmitted 
firougb  such  a  plate,  the  angle  through  which  its  plane  of  polariza- 
tion will  be  turned  will  be  less  than  that  through  which  the  plane  of 
polarization  of  an  orange  ray  would  be  turned,  and  this  latter  less 
than  that  through  which  the  plane  of  polariaatioa  of  a  yellow,  green 
or  any  otbcr  more  rcftan^ble  ray  would  be  tnrned. 

It  follows  from  this,  that  if  a  polarized  pencil  of  white  light  be  in- 
s2  ,-       739 


the  refra\ 
of  polari! 


270  LIGHT. 

cident  upon  such  a  plato,  the  emergent  pencil  will  have  different 
planes  of  polarization  for  light  of  each  degree  of  refrangihility. 

1299.  The  plane  may  make  a  complete  i-eeolutioit  if  the  tldclcness 
of  the  crystal  be  sufficient. — It  follows  from  these  phenomena,  that  in 
its  progress  through  the  thickness  of  such  a  crystal  the  plane  of  polariza- 
tion of  a  ray  of  homogeneous  light  is  gradually  turned  round  its  centre, 
90  that  a  thickness  may  be  assigned  which  will  cause  this  plane  to  make 
a  complete  revolution,  so  that  the  emergent  ray  will  in  this  case  appear 
as  if  it  had  suffered  no  change,  although  in  reality,  in  Its  progress 
through  the  crystal,  the  plane  of  ita  polarization  had  in  succession 
formed  all  angles  with  its  ori^nal  direction  from  0°  to  860°. 

This  effect  on  the  plane  of  polarization  may  he  illustrated  by  the 
motion  of  the  thread  of  a  screw  in  penetrating  any  Bubsta,nce. 

To  understand  this  distinction,  as  Sir  John  Herschel  his  obseryed, 
it  is  only  necessary  to  take  a  common  corkscrew,  and  holding  it  with 
the  head  towards  him,  let  the  observer  turn  it  in  the  usual  manner, 
as  if  to  penetrate  a  cork,  The  head  will  then  turn  the  same  way  as 
the  plane  of  polarization  of  a  ray  in  ita  progress  from  the  spectator 
through  a  right-handed  crystal  may  be  conceived  to  do.  If  the  thread 
of  the  corkscrew  be  reversed,  as  in  a  left-handed  screw,  then  the  mo- 
tion of  the  head,  as  the  instrument  advances,  would  represent  that  of 
the  plane  of  polarization  in  a  left-handed  crystal. 

1300,  Angles  through  which  the  plane  is  turned  hy  a  crystal  of 
quartz.  —  The  angles  through  which  the  plane  of  polarization  of  each 
of  the  component  rays  of  the  spectrum  is  made  to  turn  hy  a  plate  of 
quartz  cut  perpendicular  to  the  axis  of  the  twenty-fifth  of  an  inch  thick 
is  given  in  the  following  table ;  — 

HomoKeDcous  Roy.  Arcs  of  Bot&Uoll. 

Eifi'sme  rod 17  80 

Mean  red 19  00 

Limit  of  red  and  orange 30  29 

Mean  orange 21  24 

Limit  of  orange  and  jellow 22  X9 

Mean  yellow 24  00 

Limit  of  yellow  and.  green 25  40 

Mean  greea 27  51 

Limit  of  green  and  blue 80  03 

Moan  blue S2  ]9 

Limit  of  blue  and  indigo 84  84 

Mean  indigo 36  07 

Limit  of  indigo  and  violet 37  41 

Meaa  violet 40  58 

Extreme  violet 44  05 

1301.  JS/ecio/omeiAys;,  — Sir  David  Brewster  says,  that  i 
ining  the  phenomena  of  circular  polarization  produced  in  amet 
found  that  ii  possessed  the  same  power  in  the  same  specimen  of 
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turning  tie  plans  of  polarization,  both  from  left  to  right  and  from  rigbt 
to  leftj  and  tliat  it  actually  oonsisted  of  alternate  strata  of  rigKt  and  left- 
handed  quartz,  whose  planes  were  parallel  to  the  axis  of  double  refrac- 
tion. Tliese  strata  are  not  united  together  like  the  parts  of  oertain  oom- 
poaitc  crystals,  whose  dissimilar  feces  are  brought  into  meohanieal  con- 
ta,ot;  for  the  right  and  left-handed  strata  destroy  each  other  at  tho 
middle  line  between  each  atratum,  and  each  stratunj  has  its  masinram 
polariiriug  force  in  i(»  middle  line,  the  force  diminishing  gradually  to 
the  line  of  junction. 

1302.  Circular  polarization  in  liquids  and  gases. — Itoct  crystal 
is  the  only  solid  Bubstance  in  which  circular  polarization  has  been 
observed.  This  phenomenon,  however,  has  been  discovered  in  several 
fluids.  Thns,  right-handed  circular  polarization  exists  in  turpentine, 
essence  of  laurel  (?),  gum  arabio  and  iauline;  and  left-handed  polar- 
ization is  observed  in  essence  of  oitron  (?),  syrup  of  sugar,  alcoholic 
solution  of  camphor,  dextrine,  and  (arlarJo  acid. 

1303.  Magmlic  circuJar  polarixalion. — It  has  lately  been  shown 
by  Dr.  Faraday,  that  several  transparent  solids  and  liquids  acquire  the 
property  of  circular  polarization,  when  they  have  been  submitted  in  a 
certain  manner  to  magnetic  and  electric  action. 

These  bodies  appear  to  acquire  a  photogyrio  virtue,  or  a  property 
by  which  they  are  enabled  to  cause  the  pknes  of  undulation  of  the 
liquid  which  traverse  them  to  revolve. 

Thus,  a  link  of  connection  is  indicated  between  two  physical  in- 
fluences which  seemed  hitherto  distinct  and  independent ;  the  force 
which  produces  the  undulation  of  the  luminous  ether,  and  those  of  the 
electric  and  magnetic  fluids. 
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PKACTICAL  QUESTIONS  FOR  THE  STUDENT. 


a.  The  radius  of  a 


focus  of  tefleoled  rays  S  (959.) 

Note.— The  formula  (*),  given 
veniem  form  for  use. 

ill  959.,  may  bt 

Thus,  by  Iraiisposiiig  l!ie  term  L,  v 

te  have 

1         3 

f           '■/ 

Hf—r 
which  gives  us  the  following  Itula  for  obtaining  tlie  poailion  of  the  foous  of 
refleoted  lays  :  —  Miiitiply  the  radius  of  the  mirror  by  the  dislance  of  the  focui 
of  vaadeni  rays  from  the  vertex,  and  divide  the  product  by  twice  that  distance 
minus  the  radiui. 

By  a  proper  attention  to  the  signs  of  r  and/,  tlie  fottnula  and  rule  may 
ba  applied  to  all  oases  of  refleolion  from  aphetical  mitrora,  whether  concave 
or  convex,  and  whether  the  rays  be  diverging  or  converging. 

Fcr  concave  mittots,  r  is  positive ;  for  oonvei,  negadve.  For  diverging 
tay9,/i3  positive;  for  coavergiug,  negative. 

We  will  discuss  briefly  iha  various  eases  wliioh  may  occur.  For  coiicaue 
mirrors,  there  are  three  oases. 

lat.  The  rays  may  he  diverging  and  the  focus  beyond  the pHiicipal  focus.  In 
this  case  9/ being  greater  than  r,  it  will  be  see ii  from  the  formula  that/ 
wilL  always  be  positive;  that  is,  the  reftected  tays  will  converge  to  a  rtai 
focua  in  front  of  the  mirror. 
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For  tlia  question  proposed  above,  we  have 

f'  =  U^=  14  mches. 

•'        1S_3         ' 

3[|.  The  rays  mai)  be  divergmg  and  the  focus  betvieea  the  priacipal  focvs  and 

tin  vertex.     In  this  oase  3/  being  less  tliac  r,/'  will  be  negative;  that  is, 

the  reflected  ra-ys  will  diverge  from  an  imaginary  focus  behind  the  oiirrot, 

3(1.   The  rays  may  be  cotivergitig.     In  this  case,/  ia  negative,  and   the  for- 

—  2f-r        2f+r 
which  is  always  positive.     Hence  auoh  rays  arc  always  brought  to  a  real 
focus. 

Ist.  Thi  rays  may  be  dwerging.     Here,/ is  positive  and  r  negative ;  and 

which  makes/' always  negative.  Hence,  in  this  oase,  the  reflected  raya 
always  diverge  from  an  imaginary  focus  behind  the  mirror. 

2d.  The  rays  may  converge,  and  their  focus  be  between  the  principal  focus  and 
tin  vertex.  In  this  case,  r  and  /  are  both  negative  ;  2/ being  less  than  i- 
Henoe  the  formula  is 

which  is  positive  so  long  as  2/  is  less  than  r.  Consequently,  in  this  case, 
tiie  reflected  rays  converge  to  a  real  focus  in  front  of  tlie  rairtor. 

3d.  The  rays  may  conxerge,  and  tlieir  focus  be  beyond  the  principal  focus.  In 
this  oase,  2/  being  greater  than  r,  the  value  of/',  in  the  preceding  formula, 
will  be  negative.     Hence  the  reflected  rays  will  divei^. 

It  will  be  perceived  ftoni  this  djsoiission,  that  rays,  incident  upon  a  con 
cave  mirror,  are  always  reflected  converging,  unless  their  Ibens  be  between 
the  principal  focus  and  the  vertex. 

On  the  contrary,  rays,  incident  on"  a  convex  mirror,  are  always  reflected 
diverging,  unless  their  focus  be  between  the  principal  focus  and  the  vertex. 

3.  A  candle  is  placed  16  feel  from  the  vertex  of  a  convex  mirror  whose 
radius  is  2  inches  :  what  is  the  position  of  the  focus  of  reflected  rays  1 

4.  The  focus  of  converging  rays  incident  upon  a  convex  mittot  ia  3  inches 
behind  the  vertex,  the  radius  of  the  mirror  being  5  inches;  the  vertex  of  a 
concave  mirror  having  the  same  radius  ia  placed  at  a  distance  of  S  feet 
from  the  vertex  of  the  fi,rst  mirror;  determine  the  position  of  the  focus  of 
the  rays  reflected  from  the  second  mirror. 

5.  Show  that,  in  all  cases  of  reflection  from  spherical  surfaces,  the  con- 
jugate foci  lie  on  the  same  side  of  the  principal  focus;  that  they  move  in 
opposite  directiorta;  and  that  they  meet  at  the  centre  of  the  reflector. 

the  asis  of  the  earth,  revolves  from  east  to  west  with  half  the  sun's  appa- 
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teat  diurnal  motion.  Show  lliat  tlie  dii-eetion  of  tlie  reflected  lays  of  sua- 
lighl  will  not  be  Eeosibly  altered  during  the  day. 

7.  The  distance  of  Venus  from  the  aun  is  about  69  milliona  of  miles,  and 
that  of  the  earth  about  05  milliona.  How  does  the  brightness  of  the  earth, 
as  seen  from  Venus,  compare  with  the  brightiiesa  of  Vanua  as  seen  from  the 
earth,  supposing  the  sizes  and  pefleoting  powers  of  the  two  bodies  equal  ! 
(30'?,) 

S,  What  is  the  focal  length  of  a  donble-oonyex  lens,  the  radius  of  eaeh 
surface  being  3  inches  J  (1038.) 

9.  Wliacis  the  focal  length  of  a  plano-concave  lens;  the  radius  of  the  con- 
cave surface  being  5  inches? 

10.  Why  do  objacta  appear  futther  off  and  smaller,  wli^n  viewed  through 
the  wrong  end  of  the  telescope! 

11.  A  person  can  see  distinctly  at  the  distance  of  fonr  inches;  what  ia 
the  focal  length  and  nature  of  a  lena  which  will  enable  hira  to  see  distinctly 
at  the  distance  of  sixteen  inches? 

12.  A  person  can  see  distinctly  at  the  distance  of  IS  feet :  wliat  ia  the 
focal  length  and  nature  of  a  lens  which  will  enable  him  to  see  distinctly  at 
the  distance  of  12  inches! 

13.  Place  an  object  before  a  double-convex  lens,  so  that  the  image  may 
be  double  of  the  object,  and  erect. 

14.  An  object  is  placed  before  a  double-concave  lens  of  glass,  at  the  dis- 
tance of  3  feet,  and  has  the  linear  magnitude  of  its  image  7  times  less  than 
its  own:  what  is  the  focal  length  of  the  lens? 

15.  An  object  placed  4  inches  before  a  doublenjonvex  glass  lens,  has  its 
image  formed  @  inches  from  the  lens  on  the  same  side^  what  is  the  focal 
length  of  the  lens? 

16.  A  person,  who  can  see  distinctly  at  the  distance  of  3  feet,  wishes  to 
see  an  object  at  12  feet  distance;  what  sort  of  glass  must  he  use,  and  what 
must  be  its  focal  length! 

17.  An  object  placed  4  inches  before  a  double-convex  lens  has  its  image 
erect  with  respect  to  itself,  and  of  three  times  its  linear  magnitude:  what 
is  the  focal  length  of  the  lens! 

18.  Show  that  if  a  plane  mirror  recede  from  a  fixed  object,  tho  image 
will  recede  twice  as  fast. 

19.  If  an  object  be  placed  between  two  plane  reflectors  inclined  to  each 
It  any  angle,  and  the  eyes  of  a  spectator  be  in  any  point  betiveen  the 

any  of  the  images  seen  by 

that  image. 
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INDEX. 


;    betneen 


AOHBO.MATISM,  603-607.      See  liglit. 

Ab«ratJoa,  epherioal,  578.;  longitudinal, 
ST9.;   laWiAl,  679.;    oliTomaCui,  603- 
605.     See  Light,  Ege,  ieiis, 
Aotiou  ami  reaction,  97.  lOt.;  2iow  mo- 

difiad  by  olaaHoity,  100. 
Adharents,  affeot  of,  IBS.     ' 
AdhBsioii,  atkaotitni  of,  193.,-  of  aolida, 
167.;  esamplsso^  167.       -    ■      ■      - 
loeoniotiYea  ia  rails, 
Eolids  and  liquids,  168. 
Affinity,  obemioal,  164. 
Aggregation,  states  of,  27. 
AS,  momentiim  of,  91.;  resistanoe  of,  af- 
fects projectiles,  12B.;  resistance  of,  to 
Mllog  bodies,  219.;  mechanical  pro- 
perties of,  311. ;  atmospheric,  the  typo 
of  all  elaslac  fluids,  341. ;  impenetrable, 
342.;  has  inertdo,  342.;  compressible, 
343.;  elastic,  343.;  has  weight,  3^; 
compressibility  and  elos^cil^  of,  344. ; 
diminulion  of  Tolame  of,  pcDportiDaal 
to  oompreasis^  force,  344 ;  weight  of, 
347.;  lorei^tjaa  and  condensation  of, 
361. 
Angle,  of  inoideuce  and  refleotinn,  IS3. 
495.;   of  repose,  264.;  of  refraction, 
638.;  ottotalrefieotioB,  6iO.;  refract- 
ing, 546.;  Tisual,  622.;  ofpolariaaUon, 
2^.    See  Sound,  Light. 
Animals,  motions  of  governed  by  centre 

ofgrarlty,  1S3. 
Anmialaules,  minutiae 
and  fnnodoBS  o^  36. 
Anneatmg,  61. 

"'f 


itronomibal  telescope,  684 
Attracdon,   163.;    capillary,  184.;   ba- 
<ea  piane  surfaces,  171. ;  examples 
,17S. 
Atwood's  machine  for  iilostra&g  falling 

bodies,  114. 
Asia,  principal,  131.  503.  663.;  seoond- 
,508.563.;  oflens,666.;  of  double 


0,  656. 


of,   319. 


Barometer, 


1,  349.; 


r,  351.; 


idwheel,352.;i 

riatlouE,  36S.;  rules   coaneoted  wi^ 

the  predicting  weat&er,  367. 

illiards,  application  of  composidon  and 

resolutjou  of  motion,  86. 
Bite  In  metnl  working,  168. 
Blood,  composition  oS,  35.;  ma^Itnds 

of  ocrpasoles  of,  35. 
Bolo^a,  leaning  tower  of,  136. 
Bi'amah's  hydrostatic  press,  294. 
Brewster's,  Sir  David,  aaa^sis  of  Rpeo- 

trum,  506. 
BritlleneES,  !>9. 

Camera  Incida,  664. ;  obacura,  665. 
Caoutohono,  balls,  elastioity  of,  50. 
Capstan,  200. 

OaasegTMn's  reflecting  telescope,  692. 
ChEvaiier'a  compound  universal  mioTO- 

Ohoroid,  611.  642.     See  Ej/e. 
Ciliary  processes,  611.     See  Eye. 
Cleavage,  planes  of,  40. 
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Coal-^it,  porson  fatllcg  down,  121. 

Cotesicin,  effect  of,  on  grarity  of  molo- 
oules,  127.;  attmotion  of,  163.;  mani- 
fested in  BoUds  and  liquid,  161.;  e£~ 
ample  of,  166.;  attrocdoD  of,  between 
atoma  of  giues  inferred,  166. 

CoUiefon,  effeota  of,  94.;  of  two  bodies 
in  satnedireotton,  96.;  in  oontraiy  di- 
reotions,  07.;  of  equal  raasBes  with 
equal  and  opposilfl  velooilaaB,  99. 

Combuation,  does  not  desWoy  matter, 
41. 

Component   and    reaiiltAst   BOrrelaUre, 

Composition  offerees,  66.;  of  fo 
plied  to  different  points,  68.; 
tion,  T4.;  examplas  of,  79. 

Oompresslbility,  46. ;  all  bodies  e 
Bible,  46. 

Compression,  diminishes  bul^  41 
menta  density,  46.;  of  wood,  .  , 
stone,  47.;  of  metals,  47.;  of  liqaids, 
47.;  of  water  proved,  IS.;  of  gases, 
4S. 

ContraclJWlitr,  46. ;  of  liquids,  48. ; 
fill  appllcatiod  of,  52. 

Contraction,  general  effects  of,  63. 

Cordage,  strength  of,  266. 

Cornea,  611,     Bee  Eye. 

Corpuaelesofblood,  36. 

Corpuscular  theory  of  Ught,  386, 

Couple  defined,  70,;  mechsnical  effect 
of,  70.;  equilibrium  of,  71, 

Crnnk,  described,  229.;  effeol 

Crystals,  nal-asial,  707.;  M-e 

CrystallizatioTi  indicates  exist 


Crystalhssd  st^te,  some  bodies  esi 

torally  in,  40. 
Orystallijia  humour,  611.     Ses  E^- 

Density,  43.;  determined  by  proportion 
ef  mass  to  pores,  43.;  and  porosity 
cnrrelEitive  terms,  43. ;  examples  of,  44. 

Dilatability,  48, 

Dilatation  by  temperat^ire,  51,;  of  liquids 
in  thermometers,  61.;  useful  applicn- 
(inn  of  metal,  52. ;  general  effects  of, 
52. 

Direction,  of  force,  64.;  of  motion  m 
curve,  74. ;  resultant  of  two  motions 
in  Bnme,  77.;  in  oppoMte,  78.;  in  dif- 
ferent, 78,1  veracal,  106. 

SisiilUtion,  destraetive,  42. 

Difing-beU,  375. 

Divisibility,  30, ;  unlimited,  30.  87. ;  of 
water,  31.;  of  other  bodies,  31.;  ex- 
amples of,  31. ;  minute,  proved  by  ool- 
our,  37, ;  of  miuk,  87. ;  Ehowu  by  taste, 
37. 


Ductility,  61,;  differs  from  malloability. 


all  bodies,  1D7.;  and 
planets  once  fluid,  166. 

Echoes  explained,  466. 

Elaeticity,  43.  67. ;  of  gases,  48. ;  of  li- 
quids, 49.;  of  solids,  49,;  of  ivory 
halls,  49. ;  caoutchone  balls,  BO, ;  steel 
springs,  50,;  limits  of  force,  60.;  of 
torsion,  51. ;  effects  of,  58. ;  not  pro- 
portional to  hardness,  69.;  perfectand 
imperfeot,  101. 

Endosmoae,  173. 

EngiBo,  fli'c-,  370, 

Bqailibrinm  of  oooples,  71. ;  stable,  nn. 
stable,  and  neutral,  142.;  examples 
of,  142. ;  power  and  weight  in,  rest 
not  necessarily  Implied,  179,;. infers 
either  absolute  rest  or  uniform  molion, 
180.;  stable,  of  floating  body,  325.; 
instable,  336,;  neutral,  328. 

ISrard'e  piano,  eisample  of  complex  lever- 
age in,  197. 

Eye,  609, 

Expansibility  of  gases,  49, 

Falling  body,  velociW  of,  augments  with 
_timeoffi.ll.  Ill, 
rgana,  644. 


Filan 


,  organizi 


Filtration,  46. 

Fire-escapes,  example  of  pnlley,  208. 

Fishes,  motion  of,  in  liquids,  82,;  irides- 

cenoe  of  scales  explained,  698. 
Flexibility,  69. 
Florentine  experimeni,  46. 
Fluids,  resistance  of,  247, 
Fly-wheel,   231.;    reguIaUng  effect  of, 

231-235. ;  position  of,  236, 
Friction,  260. 
Pnr,  minuteness  of  filaments  of,  affords 

example  of  divisibility  of  ma-ttet,  33. 
Fusee,  223, 

Galileo,  anecdote  of,  347. 

Galilean  lelesflope,  683. 

Gases,  compressibility  of,  48, ;  elasticity 

of,  48.;  expansibility  of,  49.;  may  bo 

reduced  to  liquid  and  solid  state,  166. 
Glass,  minnteness  of  filaments  of,  32. ; 

attracts  water  but  repels  mercury,  170. 
Glues,  effect  o^  168. 
Gold,  visible  on  touchstone,  32. ;  leaf, 

thinness  of,  34 ;  porous,  46. 
Governor,  226. 
Gravity,  centre  of,  137.  131. ;  apeeifle, 
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Guinea  nod  feather  sxperlmeDt,  103. 

Hoidnesa,  67. 

Harinonioa  daflnea,  489. 

Haaring,  organs  of,  expMnad,  463. 

Henimg-trumpat  esplalned,  469. 

Heights,  fallen  thrDugb,  aualjaia  of, 
112.;  tailen  JFom,  proportiooal  to 
sqnaies  of  faJI,  IIT. ;  of  fall,  formula 
expressing,  IIT.;  from  irhlob  hodj 
fidla  in  second,  119. ;  Tvby  fall  ftom 
great,  not  so  dastraodTo,  120, 

Hof^kineon'a  experiinonta  on  slrenKtli 

of  timber,  267. 
Hunter's  Bcren,  222. 
Hydroatntic  balance,  SSS. 
Hjdiometei,  384. 


macliamcjowera,  180.;  potrer of, how 
eiprSflBed,  193.  i  oomplei,  may  be  re- 
presented   by   equiyalBnt    oompound 


lav 


,199. 


■ry,  tteorj  of,  ITS. 
Ma^c-lanteraB,  667. 
Mitgnitade,  26.;  linear,  26.;  superGdal, 

2fl.;solid,36.;of<iorpitadesDfblood,33. 
Malleability,  CO. ;  vntiea  ivltb  temperii- 

■     a,  60. 


Impaot  of  elasOe  body,  10 

Impenetrability,  29. 

laaetivity,  S2. 

Inoidanee,  angle  of,  102. 

Inertia,  52.;  defined,  53 
Bupplias  proofe  of  Ian  o 
pies  of,  56. ;  supplies  m 


Irideeceuse  of  fisti-scales,  £e.  expli 

698. 
Irory  balls,  elasticity  of,  49,;  rebound 


Kaleldoaoope,  500. 
Kile-flying,  89. 
Kuea-jaint,  use  of,  abonn  by  effect  of 
wooden  lege,  138. 


Liquids,  lueohanionl  properties  of,  291. ; 
eompression  of,  47. ;  conlrantiljility 
of,  48.;  elasticity  of,  49.;   dilatation 


Mercury,  methods  of  purifying,  850. 

69.;  iardnosfl  and  elaatioity  ot,  by  com- 
binaUon,  59. ;  table  of  tenacity  of,  Ii2. 

Metallic  bars,  nseftil  npplicatjon  of  dila- 
tation and  contracdon  of,  52. 

Mlci-oeoope,  simple,  670.;  compound, 
673.;  aolar,  6f«. 

Microscopic  phenomena,  36. 

Mill-stonoE,  method  of  forming,  173. 


eeulas. 


41.; 


of  ElmpU,  183. ; 
(ion  of  equilibrium  of,  haTinf 
axle,  189.  j  conditiou  of  equilibi 
flexible  cord,  189. ;  of  a  nelgbt  upoi 
Inelined  plane,  •     —    ■■ 


indestruoable,  41.;  c  .  .  . 
body  not  in  contaot,  43.;  waiglit  of 
aggregate  of,  is  ireight  of  body,  127. ; 
rfeot  of  cohesion  on  grarity  of,  127. ; 
resultant  of  graTitating  forces  of,  128. ; 
method  of  determining  resultant,  129- 

Moment  of  poner  defined,  184. 

Moment  of  neight  defined,  1S4. 

Momeatiim,  of  aolid  masses,  90. ;  liquids, 
91,;  ojr,  91.;  arithmetical  expression 
for,  93.;  oommanieation  of,  94. 

Moon,  appeai'ancQof,  vrhen  rising  or  set- 
ling,  649. 

Motion,  64, ;  -mhy  retarded  and  destroy- 
ed, 55.;  how  efieoted  by  force,  64,; 
resoludoa  of,  74, ;  direction  of,  in 
cntve,  74.;  piinoiplea  of  composlljon 
and  reeolulioa  of  force  applicable  to, 
76. ;  of  two  in  same  direction,  resul- 
tant of,  77.;  in  opposilo,  78.;  in  dif- 
ferent, 78. ;  composition  and  resolu.. 
tion  of,  eiamplea  of,  79.;  of  fishes, 
birds,  &o.|  82. ;  absolute  and  relative, 
88. ;  laws  of,  102. ;  always  sama  quan.. 
Hty  in  world  eiplained,  104.;  of  fall- 
ing body  aooelerated,  109.;  of  falling 
body,  analyaia  ot,  110. ;  nniformly  ao- 
celorated,  111.;  of  bodies  projected 
upwards,  retarded,  121. ;  down  inclin- 
ed plane,  121.;  on  inoimed  plane  uni- 
formly  aooelerated,  122.;  of  projec- 
dies,  124.;  oausas  of  hregulor,  223.; 
eye  has  no  perception  of  any  but  an- 
gular, 651. 
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Mewt  B  an  teleseope,  632, 

H  dal  1 OC3  or  pointa.    See  So,md,  Un^ 

Horeiaberg  s  polavisoople  spparataa,  733. 


ccuciBostoveif 


Point  w  rklog,  defined,  US. 

Eote  dofined,  43.;  proportion  of  t 
maes  determines  density,  43. ;  difff 
&oin  oalla,  44. ;  Bometimes  oooupia 
by  mora  subtle  mattet,  44. ;  the  dei 
sest  Bubstanoea  harB,  46.  i  of  bodi( 
the  region  of  moleeuliu'  foroeB,  163. 

Porofiitj,  43.;  and  deneity  cori'elativ 
terras,  43. ;  examples  of,  44. ;  of  woox 
44.;  of  mineral  Babstaucea,  4&.;  o 
minecBl  strata,  46. 

Power,  moving,  defined,  115. 
more   tban  equilibrates,   s 


IRoilnay,  carriage,  objeot  let  &11  from, 
8&, ;  trnuis,  collieion  of,  99. 
Eaya,  diverging  and  oonTerging,  483. 
Bee  Light, 

eaction,  and  notion,  97, 107.;  how  mo- 
diSed  by  elastioit^,  100. 
Bfiflection  and  incidence,  102. 404. ;  lalis 

of,  esplained,  687. 
EeteotorB,  6(12.    See  Light. 
Refraotion,  631.     See  Light.— laAex  of, 
633.  650.  664. ;  focus  of,  562. ;  lawa 
of,  esplained,  887.  i  double,  70(1. ;  laws 
of  double,  708. 
Begulator,  22&. ;    general  pilni^ple  of 
action  o£,  225.;  goTemor,  225.;  pen- 
dulum, balance-wheel,  22S. ;   irater, 
227. ;  ftieee,  228, ;  fly-wheel,  231. 
Repuision,  164.;  mutual,  of  atoms  of 
gnu,  168.;  mutual,  nsoribed  to  infln- 
euce  of  heat,  166.  j  belireen  aolids  and 
liquids,  168. 
ResoluUon,  of  force,  67.;  of  motion,  74,; 

examples  of,  79, 
ResDltfint,  offorccB  In  same  direction,  66.; 
of  oppoBit«  farces,  66.;   and  compo- 
nent correlfttiye,  65.;  of  forces  in  dif- 


intercliangeable,  67. ;  of  any  number 
of  forces  in  any  direotdons,  67. ;  of 
parallel  forces,  68.;  single  oondiiion 
under  wliioh  two  forces  atlmit  a,  72. ; 
of  two  moljons  in  same  directjon,  77.  { 
in  opposite,  J8. ;  in  difierent,  78. ;  of 
gtaTifa&ig  foroea  of  moleonles,  123. 
Retina,  812.     See  Hi/e. 


St.  Pater's  at  Rom. 


0  cquilibrati 


h  !80.  i 


ioelerated 
retarded,  181. 


Powers,  mechanic,  classifloation  of,  190. 

Prism,  647.    See  Light. 

Prismatic  speotrum,  581.     See  Light. 

ProjBClJle,  sbothorisontallj,  124.;  movcE 
in  parabolic  eurres,  126. ;  conclnaioriB 
as  to,  modified  by  raaistajice  o' 


a  machinery. 

Policy,  205. 

Pugilism,  oolliaioD  in,  B9. 

Pump,  rope,  169,;  air,  383.;  lifdng,  367.; 

auction,  368.;  forcing,  369. 
Pyramid,  stabiUty  of,  135. 

Quest 


ce,  physical,  a  a 

IS  to  tiutb,  177. 

SolarolaoB,  611.    See  Ei/t. 


ingular  optical  il- 

660. 

of  theory  of  con- 


Shot  maoafa^ture,  165. 

Silk,  33. 

Siphon,  371. 

Sirene  described,  441. 

Sledge-hammer,  232. 

Smeaton's  pulley,  210. 

Soap-bubble,  thinness  of,  S3. 

Solders,  effect  of,  168. 

Solids,  elastidtr  of,  ifl. ;  esantploa  of 

elasticity  of,  40, ;  momentum  of,  90. 
Sound,  423. 

Speuting-trumpet  esplained,  i59. 
Speotaoles,  656. 
Spectra,  ocular,  639. 
Spectrum,  prismatic,  561.     Sea  Light, 
Spider's  web,  fineness  of,  37. 
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etablli^,  of  bodj,  condtUone,  135. ;  of 
pytMaia,  136, ;  of  a  loaded  vehicle, 
13T.  i  of  a  tabls,  137. ;  of  body  sup. 
poiMd  oa  seier^  feet,  137. 

SMamljoab!,  eollisimi  of,  S9.  ,■  ext^edi- 
euta  adopted  in,  to  eonntcruct  effect  ol 

Steel  springs,  elastidty  of,  50, 

Snn,  appeurauee  o^  vben  nsiug  oi  eet- 


Telescope,  680. 

Temperature,  dilaJ^ation  by,  51. ;  atfeeta 

tnolleability,  60. 
Tenaoity,  61. ;  taHe  of,  of  metalB,  62. ; 

of  fibrous  teitures,  62. 
lerreetrial  e«leeoope,  6Si>. 
Thaumatrope,  636. 
Timber,  Btrengtli  of,  266. 
TortioelH,  uiecdote  of,  347. ;  celebrated 

ezperiment  of,  343. 
Torsion,  einaticity  of,  51. 
Tread-mill,  SOO. 
Tredgold'a  tabic  of  tronsrerse  slreHgtli 

of  metals  and  ■woods,  275. 
Tubes,  properliea  of  capillary,  170. 


Velooity  defined,  7 
foin  moving  bodii 


force  augments 
all  bpfSes  fM 

lilUg  body  BiKg- 

1,111.;  of  fall. 
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ena  oontraota,  332. ;  two-tliicda  of  ori- 

floe,  332. 
VeaBOls,  Bailing,  effect  of  wind  on,  82. 
Vibratory  metijs,  59. 
"'    ■  ertiie,  a  term  feitile  of  error,  53. 
L,  615. 


Voice,  organ 

Vator,   ultii 
30.;  diviii 


r,  612.    I 


ei7j/«. 
1  of,  described,  460. 

ate  atoms  of,  compoi:ind, 
lie,  3IJ;  compressibility  of, 
.  J   machines  for   raising. 


,  if,  praoljoally  inapplicable, 
216. ;  jioirer  applied  to,  usuijly  per- 
cussion, 217. !  prnctical  nse  o^  SIT. ; 
practical  examples,  cutting  and  piero- 
iug  instrnmenCs,  217.;  utUity  of  frio- 
iion  to,  217. 

■Weight  of  bodies  proportional  to  qaan- 
tities  of  matter,  109.;  of  body  aggre- 
gate of  its  molecules,  127.;  defined, 
127. 176. ;  moment  of,  defined,  184. 

Welding,  61. 

WbeoJwork,  1S9. 

■Whirling-table,  to  illuBtrato  centrifugal 
force,  149, 

Whispering-galleries  explained,  456. 

White's  puHey,  310. 

Wind,  81.  91.;  effect  of,  on  sBJlingTM- 

Windlass,  200.' 
■Wire,  m 

dery,  34.; 
WoUoston's  Hire,  32. 
Wood,  buoyaney  of,  44.;  porosity  of,  44; 

oompression  of,  47. 
World,  same  quantjly  of  moUon  is,  ox- 

plaiued,  104. 


;  used  in  embroi- 
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CATALO&UH 

BLANCHAUD   &   LEA'S  PUBLICATIONS. 


LIVES  OF  THE  LORD  CHANCELLORS 

KEEPERS  OF  THE  GREAT  SEAL  OP  ENGLAND. 

BY  LOKD  CIIIEI'- JUSTICE  CAMPBELL,  A.M.,  F.R.S.B. 

SecQiid  Ameviaau,  from  the  Third  London  Edition. 

Cotniilete  in  seven  hsnilsome  crown  8vo.  volumea,  estra  ololh,  or  half  morocco. 

Thia  haa  been,  reprinted  from,  the  anthor'a  moat  recent  edition,  and  embraces 

hia  extensive  modifleations  and  additione.     It  will  therefore  be  found  omincnti; 

wortliy  a  oonlinnaDce  of  the  great  faTor  nith  which  it  has  hitherto  heeu  reoeiTed. 

the  book  addreasee  llaelf  with  e^osl di  ^  .  ,  .  ...... 

bistarlcol  inquirer^  and  while  ve  &Toid  the  efereot;ped  commonplace  of  alArDiiae;  that  no 
libraiy  osat  te  oomplfltfl  wlthont  It,  we  &b1  constf  aiued  lo  alford  IC  a  higher  tribme  l)y  pro. 
uouudnglt  enUUed  to  a  dlBlJngulsliad  plane  on  the  shelves  of  every  Bobolot  who  ie  fOrtunsts 
enoi^h  to  pessees  It^-Frtva-'i  Xigo^Mi. 
A  work  nbTch  tpIU  take  ita  place  In  oar  libraries  as  one  of  the  most  bdUiont  and  valuaUe 


BY  THE  SAME  AUTHOR  — TO  MATCH— (Sow  Ready), 

LIVES  OFTHE  CHIEF-IUSTICES  OF  ENGLAND, 

From  the  NormEUL  Conqoest  to  the  Deatli  of  Lord  Maus&eld. 


MEMOIRS  OF  THE  LIFE  OP  WILLIAM  WIRT.  — By  John  P.  KEN-iEnr, 
Esq.  In  two  handsome  royii!  J2ino.  Tolames,  extra  cloth,  wilh  a  Portrait. 
Also,  a  handaome  Librnrj  Edition,  in  two  ootaTO  volntoea. 

GRAHAM'S  HISTORY  OP  THE  UNITED  STATES;  Pnoii  IHE  Poundmo 
or  THE  BraTiBH  Colonies  till  thetr  Asbumptiok  or  Indbpkndbboe.  —  Re- 
vised Edition,  from  the  Author's  MS8.     With  a  Portoait,  and  a  Memoir  by 


BIIIZOT'9    OLIVES    CBOMWELt.     (Nott  raady.) 
HISTORY    OF    OLIVER    CROMWELL  AND    THE    ENGLISH    COMMON- 
WEALTH, froTu  the  Execution  of  Charles  I.  to  the  Death  of  Cromwoll.    In  two 
iarge  and  handsome  royal  12mo.  volnmcs,  extra  cloth. 

RUSSELL'S    LIFE    OF    FOX.     (Jnet  issned). 

MEMORULS    AND    CORRESPONDENCE    OF    CHARLES   JAMBS    FOX. 

Edited  by  Lord  Johs  Russell.    Iu  two  handsome  royal  12mo.  volumes,  cloth. 
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BLANCHAUD  4  LISA'S  PUBLICATIONS:— (-Uiice;!n"eoiit.) 

THE  ENCYCLOPAEDIA   AMERICANA; 

I  DICTIONARY  OF  ARTS,  SCIENCES,  LITERATURE,  HIS- 
TORY, POLITICS,  ANll  BIOGRAPHY.  In  fourteen  large  octavo  volumea 
of  ovef  600  aouble-CQluuinea  pages  each.  For  Eale  verj  low,  iu  various  stjles 
of  binding. 

MURRAY'S   ENCYCLOPEDIA  OF  GEOGRAPHY. 

THE  BNCYCLOP.«DIA  OP  GBOGiEAPHY,  compriBiDg  a  Complete  DeaoripUon 
of  the  Earth,  Phjsicsl,  Blatistioal,  Civil,  snd  Polideal ;  eihibiting  its  Relaiaou 
to  the  HeavoDlf  Bodiea,  its  PhyEieai  StmcUre,  ths  NatnTal  History  of  eech 
Country,  and  the  Induatiy,  Commerce,  Politioul  InatitHtiona,  and  Civil  and 
Social  Stale  of  nil  Nalions.  Kevised,  witli  Additions,  hy  Tboj[AS  0.  Bnin- 
FOHD.     In  three  largo  ooiavo  volumes,  yaiious  stylea  of  binding. 

VOUATT  AND  SKINNER  ON   THE   HORSE, 

THE  HOItSE.— ByTViliuh  Youirr,  A  New  BdiWon,  wilh  nnmorous  Illustra- 
tions. Together  irilh  a  General  History  of  the  Horae;  a  DissertaUon  on  the 
American  Trotting  Horae ;  how  Trained  and  Jockeyed ;  an  Aoconnt  of  his  Re- 
markabla  Perfomiancea ;  and  an  BEEay  on  the  Ass  and  the  Mule.  By  J,  8. 
Seinbeh,  Aaaistnnt  Postmaster-Gen  em],  and  Editor  of  the  Tutf  Reeiater.  In 
one  handsome  octavo  yolumo,  extra  cloth. 

This  edition  of  Youatt's  well-known  and  standard  work  on  the  MaDngemenl, 
Diseltaes,  (md  Treatment  of  the  Horse,  embodying  the  valuobla  additions  of  Mr. 
Skinner,  bns  alteodj  obtained  eoob  a  wide  ciroulaUon  throughout  the  country, 
that  the  Publishers  need  say  nothing  to  attract  to  it  the  attention  and  oonSdenaa 
of  all  who  keep  Horses,  or  are  intereated  in  their  impTovement. 

YOUATT   AND   LEWIS   ON  THE   DOG, 

THE  DOG-.  By  William  YouAiT.  Edited  by  B.  J.  Lewis,  M.D.  With  nu- 
merous and  beautiful  IllustratiouB,  In  one  very  handsome  volume,  crown  8vo., 
crimson  elotb,  gilt. 

ADVICE  TO  YOUNG  SPORTSMEN  jh  all  ibjt  relates  to  Gdhs  akd 
Shootimh.  By  Liedt-Col.  P.  Hawker.  Second  American,  from  the  Kintb 
London  Edition.  Edited,  with  nnmorona  Additions  and  IHuetraUous,  by  W.  T. 
PoBiEB,  Editor  of  the  New  York  Spirit  of  the  Times.     In  one  very  handsome 

A  DICTIORABY  OP  MODERN  GARDENING.  By  G.  W.  Johksoh,  Esq. 
■With  numerous  Additions,  by  David  Landreth,  With  one  hundred  and  eighty 
wood-cuts.  In  one  very  large  royal  12mo.  volume,  of  about  650  double- 
columned  pages.    This  work  ia  now  offered  at  a  very  low  price. 

THE  YOUNG  MILLWRIGHT  AND  MILLER'S  GUIDE.  By  Oliver  Evakb. 
With  Additions  and  Corrections  by  Thomas  P.  JoNlts ;  and  a  Description  of  an 
Improved  Merchant  Plour-MiU,  by  C.  and  0.  Evans.  With  twenty-eight 
Plates.     Fourteenth  Edition.     In  one  neat  Octavo  volume,  leather. 

ACTON'S  MODERN  COOKERY,  IK  all  its  BnANcnES,  nEDiEiED  to  a  Ststbh 
OF  East  Practice.  Edited  by  Mns.  S.  J.  Hale,  In  one  neat  royal  !2mo. 
volume,  estia  cloth,  witli  numerous  Illustrations. 


WILSON  Ofi  HEALTHY   SK!fJ,    (Ko^  Ready.) 

HEALTHY  SKIN;  A  Popular  The atise  on  the  Masagemebi  of  the  Se 

AND  Hair  ih  Relatiob  to  Health,     Second  American,  from  the  Fourth  a 

Revised  London  Edition.      By  Erabuds  Wileos.    In   one  handsome  ro; 

12mo.  Tolumo.with  onmerona  cuta,  extra  cloth;  also, paper  covers,  pnce  75  c 
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BLAHCIIARD  a  LEA'S  PUBT.ICATIOKS. 
MEW   AMD   IMPROVED   EDITION. 

-LIVES  OF  THE  QTIEEHS  OF  EHQLAKD, 

ritOM  IHB  NOKMAN  CONQUEST.  With  Aheodotes  ok  thbib  Coi 
Man  first  published  frotn  Oficial  BsDorda,  luid  obbsr  Aulhantio  Boeua, 
Ptivate  as  wall  as  PubUo.     Kew  Bditlor,  with  AddiUona  and  Corraotjona. 


rsoTV  egnec^slly.    Iti» 


id  pleos^ne.— Jfcnsiewr  Guiiot. 

LIVES  OF  THE  QUBKffS  OF  HBKRT  VIII.,  and  of  his  mother,  Bliiabeth 

of  Yort.     By  Miss  Stkicki.and.     Complew  in  one  hwidsouio  crown  ootavo 

Tolume,  eitia  ololb.     (Jnat  Issaed.) 
MBMOIKS  OF  ELIZABETH,  Second  (Jueau  Bagnajit  of  England  and  Iroland. 

By  M(»a  Stiiicelasd.     Complete  in  one  handsome  ei-own  octavo  volume,  eitrft 

doch.     (Jast  IsBiied.) 

INfiEESOLL'S  HISTORY  OF  THE  LATE  WAK.  la  two  oaUivo  volume* — 
aold  separate.     Volume  I.  eontunlng  X812-13 ;  and  volume  II.,  1814. 

MBS.  MAESH'S  BOMANTIC  HISTORY  OF  THE  HUGOMOTS.  In  two 
handsome  royal  ISmo.  volumes,  extia  doth. 

NIEBirHR'S   AWCIEWT  HISTORY. 

LECItJRBS  OS  ANCIENT  HISTORY  ;  pkok  the  EiHLlEST  TiiiEB  TO  THB 
Taking  or;  ALEXiNHRii  nv  Octavianus.  Comprising  the  History  of  the 
Asi.Liio  Nstions,  the  Bgyptinna,  flreeka,  Macedooiaos,  and  Carthagonians.  By 
B.  Q.  WiEDUHR,    Traoalated  ftom  the  Gei'uian  Edition  of  Db.  Makous  NiEnoBH, 

PRINOIPLBS    OF   THE   MECHANICS 
OP  MAOHIKERY  AND  EKQINEBEISS.    By  Pbopesbob  Julihb  Weisbaoh, 
TtanEloled  and  edited  hy  PnoFEaaoH  Gordos.     Edited,  with  AmerlcaD  addi- 
tions, bj  PiiOFEssoB  WiJ,TEB  R.  JoHSSOs,     In  two  very  handsome  ocmvo 
volumes,  of  nearly  900  pages,  with  about  900  euperb  illDstraliong. 

CHEMICAL  TECHirolOGY; 

OR,  CHEMISTRY  APPLIED  TO  THE  ABTS  AND  TO  MANUFACTURES. 
By  Da.  P.  Knapp.  Edited,  with  numerous  notes  and  additions,  by  Da.  En- 
iji;nd  RoHir.ns  and  Da.  Thomas  Richardson.  With  American  additions,  by 
Prop.  Walter  E.  Johksos.  In  two  handsome  octavo  volumes,  of  about  1000 
pages,  with  nearly  five  hundred  splendid  illnatcations. 

GRAHAM'S  ELEMENTS  OF  CHEMISTRY  ■ 

Notes,  by  Robert  Bbidgeb,  M.D.     Patt  I.,  handsome  8vo.,  of  430  pages,  with 

185  illustialjons.     Part  II.  preparing. 
THE  LAWS    OF   HEALTH    IN   RELATION   TO   MIND    AND    BODY.     A 
■  Series  of  Letters  from  an  Old  Praetitioner  to  a  Patient.     By  Liohel  S,  Beai, 

[tl.D,     In  one  royal  12roo.  volume. 
HUMBOLDT'S   ASPECTS   OF    NATURE,  IN   DIFFERENT  LANDS   AND 

DIFFERENT  CLIMATES.    Translated  by  Mra.  Bablna.    In  one  larga  toyal 

12mo.  ToInme,  eilra  cloth. 
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1  BLASCIIARD  4  LEA'3  PUBLICATIONS.— {.WiaecJfiiMous.) 

NARRATIVE  OF  THE  UNITED  STATES'  EXPEDITION 

TO    THE    DEAB    SEA   AND    EIVEH    JOSDAW. 

BY  W.  F.  LYNCH,  U.  S.  N.  {CoMjtasDEn  of  the  Expedition). 


onrt  fesUdlous.    IttstinlyoEiBgDiflcentivork.    The  type,  paper,  Ijlnding,  Etyie,  and  eiccn- 
Sw  years.    Ihe  lotrfDsluVterost  ot"a,e°8nbieot  wiU°rive  it  popufa^tj  aad'oimrSfl^  at 

Also,  to  be  tail  — 
COHDENSED  EDITION,  one  neat  royal  I3iiio.  volume,  eitra  cloth,  with  a  Map. 


,  Esq.  Cd'efiilly  revked  ani 
otica  of  hia  works.  With  nu- 
0  beaulafulij-printed  volninea, 

The  baDdfome  esecntlon  of  this  work,  the  numerous  spirited  iUustrntions  nlth 
whioh  il  abounds,  and  the  rery  low  price  at  which  it  is  offered,  render  it  a  moat 
deairable  library  edition  for  all  admirers  of  the  immortal  CerTuntes. 

PICCIOLA,  THE  PRISONER  OE  FBNB8TRELLA;  or,  CsmTrrv  Captive. 
By  X.  B.  Saintibb.  New  Edition,  with  lUuatrotiona.  lu  one  very  neat  roya! 
12V110.  Toloma,  paper  covers,  prioe  SO  oeQts,  or  extra  eloth. 

THE  LANGUAGE  OP  TLOWERS,  with  HlQatraUvo  Poetry.  To  which  aie 
now  added  the  Calebdab  o»  FLOWEna,  and  tba  Dial  op  Plowerb,  Ninth 
Amerioan,  from  the  Tenth  London  Edition.  Revised  by  the  editor  of  "  Forget- 
mo-Not."    In  one  elegant  royal  18mo.  volume,  extra  crimson  cloth,  gilt,  ivith 


DANA  ON  ZOOPHYTES.  Being  part  of  ihe  publloatloua  of  the  United  States 
EKPLoniKa  ExPEDirroH.  One  large  royal  quarto  volume  of  lettev-presa,  and 
an  Atloa  in  imperial  folio,  of  00  plates,  oontaining  many  hundred  flgnres,  osqui. 
eitely  engraved  on  steal,  and  coloured  after  nature. 

JOHHSTOH'S   PHYSICAL   ATLAS. 

THE  PHYSICAL  ATLAS  OS  NATURAL  PHESOMENA,  for  the  Use  op 
Colleges,  Academies,  and  PiHitiEs.  By  Alssakuer  Keith  Johkstob, 
P.R.&.S.,  &o.  In  one  large  imperial  quarto  volume,  strongly  and  handsomely 
bound  in  half  moroooo.  With  twentj-aii  Plates,  engraved  and  colored  in  the 
beat  atjle,  together  with  over  one  hundred  pages  of  descriplJTB  letter-pi^eaa,  and 
a  very  copious  Indoi. 

A  work  which  should  he  in  every  family  and  every  solibol-room,  for  oonsultstion 
and  reference.  By  the  ingenious  arrangement  adopted  by  the  author,  it  makes 
clear  to  the  eye  every  fact  and  observation  relative  to  the  present  condition  of  the 
earth,  arranged  under  the  departmenls  of  Ueology,  Hydrography,  Meteorology, 
jmd  Natural  History,  The  letler-presa  illustrates  thisiviih  abody  of  Informntion, 
nowhere  elsa  to  be  found  oondensed  into  the  same  space;  while  a  very  full  Indei 
renders  the  tiliole  easy  of  reference. 
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BLA3SC11ARD  &  LEA'S  PTJ!JLICATIOSS.--=(.ScieK!ijJc.)  » 

Kow  Ready, 
PRINCIPLES  OF  COMPAEATIVE  PHYSIOLOGY. 

BY  W.  E.  CARPENTBE,  M.D.,  F.R.S,  4.0. 
A  nev,  Amsiicsn,  from  the  Fonrth  and  revised  Loudon  Edition.    In  one  Isrge 

aud  liaodsouje  oeW,ro  Tolnme,  of  750  pagSa,  with  309  beantiful  lllustrationa. 

The  present  edition  of  this  woilt  will  be  found  in  every  nay  worthy  of  its  high 
reputation  as  the  standard  text-hook  on  thia  subject.  Thoroughlj  revised  and 
brought  up  by  the  author  ta  the  latest  date  of  eoientifie  investigation,  and  illus- 
trated irith  n  prafueion  of  neir  and  beautjful  engravings,  it  has  been  printed  In 
the  most  careful  muiner,  itnd  forms  a  volume  irhich  should  be  in  the  posBeisiou  ■■ 
of  every  student  of  natural  history. 

By  the  same  author  (Just  laeued), 
OS    THE    USB    AND  ABUSE   OF   ALCOHOLIC   LIQUOES    IX   HEALTH 
AND  DISEASE.    In  onS  neat  royaliamo.  volume,  eitraslotli.    Also,  in  fleii- 
Ijle  doth,  for  mailing,  price  SO  cents,  free  by  post. 

BUSHNAN'S  POPULAB  PHYSIOLOGY.   (NowHeaaj.) 

THE    I'EINCIPLBS    OP    ANIMAL  AND  VEGETABLE    PHYSIOLOG-Y,  A 

Poputm  Theatisb  on  thb  Edkctioss  akd  PnEuoirEHi  OF  Oeoanio   Life. 

To  which  is  pteSned  an  Essay  on  the  Gi-eat  Deportments  of  Huuma  Knowledge. 

By  J.  Stetebsoh  BuaanAN,  M.D.   In  one  handsome  toyal  12mo.  volume,  wUli 

over  one  hundred  illustrations. 

Though  east  in  a  simple  and  unpretending  form,  this  little  worli  is  based  upon 
the  latest  scientific  dev^eJopmeuta.     It  is  therefore  admirably  s/iap(ed  for  the  pri- 

thia  aubject  In  their  coarse  of  sradies. 

OWES  OH  THE  SKELETOH  AND  TEETH.    (How  Heady.) 

^  AKD  OF  THE  TEETH. 

nmeroUE  illustrations. 

edence,  by  the  most  distin. 

to  find  favour  with  all  stu- 
dy, of  which  its  subject  may 

DE   LA  HECHE'S   GEOLOGY. 


ABEL  ASD  BLOXAU'S  CHEKISTBT.    (Now  Seody.) 

A   HAHD-BOOK   OP   CHEMISTRY,  THEOEBTICAL,    PRACTICAL,   AND 

TECHNICAL.     Ej  P.  A.  Abel  and  C.  L.  Bi.oxAjr.     In  one  largo  and  band- 

The  department  of  theoretical  ehemiatrj  has  been  amply, elucidated  in  many 
lale  publications,  but  a  want  has  been  felt  of  a  wori  which  shonld  afford  a  guide 
to  the  practical  student  in  the  nunierons  and  complicated  processes  required  in 
the  laboratory,  while  the  operative  chemist  has  had  no  recent  manual  detailing 
the  new  and  valuable  impvovcinenle  whioli  are  daily  being  made.  It  hoe  been 
the  aim  of  the  authorslosupply  this  vacanoy,  and  the  applause  whi oh  tbeir  labours 
have  received  from  competent  jndges  is  a  snfRcient  evidence  of  their  eaeoess. 

PMHCIPLES  OF  PHYSICS  AND  METEOROLOGY. 

By  PnoFEEBOB  3.  Molieb.  Eeviaed,  and  inuatrntod  with  over  live  hundred 
engravings  on  wood,  and  two  bandaome  coloured  plotes.  In  ono  largo  and 
beautiful  octavo  voionio  of  nearly  860  pages. 


THE  PEIN( 

!IPAL  FORMS  OP  THE  BKEl 

handsome  . 

Written  ns 

guished  osteo 

dents  of  Geo! 
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6  LLASCIIAED  &  LEA'S  PTJBLICATIOHS.— {^(!«mi.n«ai.) 

Now  Complete. 

HANDBOOKS  OF  NATURAL  PHILOSOPHY  m  ASTRONOMY. 

BY  DIONYSIUS  LAEDUBR,  D.C.L., 

This  vaiuable  Sariea  ia  now  eompleta,  eonslating  of  throe  Courses,  os  folloKS  ;~ 
FIRST    COURSE, 

MECHANiCS.  HYDROSTATICS,  HYDRAULICS,  PNEUMATICS.  SDUND.  &,  OPTICS, 

In  one  Inigo  loyal  12mo.  volume,  of  750  pagea,  nith  iU  IHustrations. 
SECOND     COURSE, 

HEAT.  MAGNETISM,  COMMON  ELECTRICITY,  AND  VOLTAIC  ELECTRICITY. 

In  one  royal  12ino.  volume,  of  450  pnges,  with  2i4  IlluElrations. 

THIRD     COURSE, 

ASTRONOMY   AND    METEOROLOOY. 

In  one  very  lavge  royal  12mo.  volnme,  of  neai'Iy  800  pagea,  with  37  Plates,  onfl 

over  200  Illnstrationa. 

Tbeaa  volumes  can  bo  had  either  separately  ot  in  uniform  aela,  oont^uning  about 

2000  pages,  and  nearly  1000  Illustrations  on  stael  ttBil  nood.    , 

To  aeoonimodate  those  who  desire  aeparalo  trestiaes  on  the  lending  dopartraonts 
ot  Satural  Philosophy,  the  First  ComsB  may  also  he  had,  divided  in  three  por- 

Purt  I.  Mechanics. — Part  II.  Htdbosta Ties,  HYDHiCLios,  Pneumatics, 
and  SODHD.  —  Part  HI.  Optics. 
It  will  thus  be  saan  that  fcis  work  fnrniatea  oithor  aoomplete  oourse  of  inetrao- 
tion  on  these  aubjeota,  or  aepaiate  Ueatlssa  on  all  tJie  different  btannhes  of  Physical 
Soience.  The  objeat  of  the  author  has  been  to  prepare  a  work  anited  equally  for 
tbe  collegiate,  academical,  and  private  atndanl,  who  may  desire  to  aoquaint  him- 
«olf  with  the  preaont  stale  of  aoienoe,  in  Its  moat  advanoecl  oondiKon,  without  pur. 
auing  it  through  its  mathemalica!  oonaoquenees  and  detjiils.  Qront  industry  has 
been  manifested  throughout  the  work  to  ^uddafo  the  prinoiplea  advaooed  hj  Oieir 
praotieal  appUoations  to  tha  wauta  and  purposes  of  oivilized  life,  a  task  to  whioh 
Dr.  Lardner's  immonse  and  varied  knowledge,  and  his  singaltu-  felidty  and  olaar- 
ness  of  illustratton  render  tim  admirably  fitted.  This  peouliatity  of  the  work 
reoommends  it  aspeoially  aa  the  text-book  for  a  praotieal  age  and  oonntry  sueh  aa 
oura,  as  it  inlaroalB  the  student's  mind,  by  ahowing  him  tha  utility  of  hia  stndiea, 
while  it  ^acts  bis  atlentjon  to  the  further  extension  of  that  utility  by  the  fhlnesa 
of  its  examples.  Its  entanaive  adoption  in  many  of  out  moat  dlsttnguiahed  ool. 
legaa  and  seminaiies  is  euOeient  proof  of  the  siill  with  which  Uie  author's  intan- 

BIRD'S   NATURAL   PHILOSOPHY. 

ELEMESTB  OE  NATURAL  PHILOSOPHY;  beiho  an  Expbbiuestai,  Ibtiio- 

DUCTIOH  TO  THE  PHYSICil.  SoiBNCES.    lUnatratod  with  over  300  wood-cots.    By 

GoLnise  BiKB,  M.D.,  Aasistnnt  Physician  to  Quy's  Hospita!.     From  the  Third 

London  edition.  -In  one  neat  volnme,  royal  12mo. 

of  ao  mmj  enyeots.    Where  eTerything  la  tceated  antcinctlj,  great  judgment  and  mnah 
time  are  nceiJea  In  aaSli^  a  sBImUou  and  winnowing  the  n-lieatftojB  the  cbaff.    3>r.Bird 

his  book  DonUnuBfl  to  be  ^  Ihac  epitcune  in  t^  English  language  of  tiiis  wide  range  of 
pbysleal  aaUealB.— JforlA  Aaertam  Seoiaii. 

tot  thoM  dedrins  ns  estenai™  a  work,  I  think  it  decidedly  superior  to  aajthli^  of  the 
hind  with  which  1  am  aoiiaainted.^ — Prqf.  John  Johnsimi,  Wesleyan  tTruo.,  Mtd^ett/vta,  Ct- 

ABITOT'S  EIEKSHTS  OF  FUTBIC3, 

ELEMENTS  OP  PHYSICS ;  or,  KatdhAi,  Philosophy,  Gbheiial  and  Medjcai,, 

written  for   liniversal   Use  in  Plain   or  8on-6eehnioal  Language.     By  Neii. 

Ahsot,  M.D.     In  one  octavo  volume,  with  about  two  hundred  lUustiations. 
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BLASCIIARD  &  LEA'S  PUBLICATIONS.— (Bdiiealwna?,}  T 

A    COMPLETE    COURSE    OF    NATURAL    SCIENCE.     (Joat  isBUod.) 

THE   BOOE    OF    HATUEE 

Ai!  Elcmentjiry  Introiiuetion  to  the  Soioncea  ot  Physics,  Astronomy,  Cbamigfiy, 
Mlueralogy,  Geology,  Botany,  Zoology,  and  Physiology.  By  rEiDEBiCK 
ScniEi)LEE,  Ph.  D.,  ProfoBSor  of  tlio  Natumi  SeienocB  at  WomiB.  First  Aiue- 
rican  Editioa,  Ttilb  a  Oloesary,  and  other  AddiUons  and  Improvementa.  From 
the  Secoad  Englisli  Edition,  tranBlated  ftom  the  Siitli  German  Edition,  by 
HESar  MBntOOK,  F.C.S.,  4o.  DluBtrated  Ijy  6T9  engravingB  on  wood.  In  one 
handsome  volume,  orown  octnvo.of  about  700  largo  pages,  estra  cloth. 
To  aoDOuiDiodate  those  irho  desire  to  use  tbe  separate  portions  of  this  work,  the 
publishers  bare  prepared  en  edition  in  parts,  as  follows,  which  may  be  had 
singly,  by  maS  or  otiierwise,  neatly  done  np  in  fleslble  cloth. 

NATURAL  PHILOSOPHY lU  pages, -with  14fl  IIloBWations. 

ASTRONOMY 64  '■  51  " 

CHEMISTRY 110  "  iS  " 

■MINEBALOaY  AND  SBOLOQT 104         "  167 

BOTANY, 98  "  178  " 

ZOOLOST  AND  PHYSIOLOGY 106         "  84  " 

IHTBODUOTION,  GLOSSARY,  IHDBX,  io.    96 

Ag  a  worTc  (Or  popnlSii  instruotton  la  the  Hataral  and  Pbyelral  Sdeawe,  it  cerCaliilv  is 
uaritotkd,  so  fer  ob  mj  knomledEe  eilencU.  It  BdmLcsbly  combines  perapicully  wltli  bre- 
Tity;  whUo  an  excellest  judgment  and  a  rare  dlscdndnaUQn  are  menifeBt  in  tlie  selection 
mid  orrimgetneat  of  topics,  as  well  as  In  the  deacrlpUon  of  otjects,  the  illuBtratiop  of  pbe- 
uomena,  imd  ^e  Btatement  of  priDtdplea.  A  more  efireful  perusal  of  tliose  departments  of 
theworJt  towliich  my  studies  have  been  psFtloalaFlyiT^rBcted  baa  been  abundantly  sufflclenC 
10  eatlsly  mo  of  its  entire  rellableuess  —  UiaC  the  otjeet  of  the  author  was  not  bo  nmoh  to 
HMuse  09  rsBiif  to  inslmcL—I^J'.  JMm,  ObeMt  JmlOuli,  Okie. 

eclence  as  Keoeral  studeuta  In  this  country  bare  time  to  study  in  n  regnlar  acBdemicat 
thlB  in^tntion.— K  H.  JJifn,  iVsaideni  1/ GSrai'S  (M^e,  PftfliddprriB. 

eveSwbereniamf^te°-A(/.J.j"^ti5a-,Vr™™^  ™      eep  i-esear 


BROWNE'S    CLASSICAL   LITERATURE.    (Now  Complete.) 

i  HISTOM  OF  GREEK  CLASSICAL  LITERATURE. 

BY  THE  B.BV.  R.  W.  BROWNE,  M.A., 

Prorosaoc  of  Classical  Literature  in  King's  College,  London. 

In  one  very  handsome  crown  oolavo  volume. 

By  tlie  same  Author,  to  match,    (Sow  ready.) 

A  HISTORY  Of  ROMAN  CLASSICAL  LITERATURE. 

These  two  volumes  form  a  complete  conrsa  of  Classical  Literature,  designed 
either  for  private  reading  or  for  collegiate  iejtt-books.  Presenting,  in  a  moderate 
compass  and  ogreeable  sl^le,  the  rcsnlts  of  the  most  recent  invesljgationa  of 
English  and  oontinenkil  scholars,  it  gives,  in  a  sucoeasion  of  literary  biographies 
and  criticisms,  a  body  of  Information  necessary  to  all  educated  persons,  and  irhioh 
caoDot  elsewhere  bo  found  Iq  so  condensed  ai 
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13  BIANCHAED  4  LEA'S  P IIB LIGATIONS. —(SJiicafioii at) 

TEXT-BDOK  OF  SCRIPTURE   SEOGRAPHY   AND   HISTORT.    ( Just IbmhJ.) 

OUTLINES  OF  SCEIPTUEE^OGSAPHY  AND  HISTORY; 

IllustraUng  the  EiBtorioal  Portions  of  the  Old  EUd  New  leetamentB. 
DRSIGNED  FOR  THE  USE  or  SCHOOLS  AND  PEIVATB  BEADING. 

BY  EDWARD  HUQESS,  E.B.A.8.,  E.G.S., 
Head  Master  of  tUo  Royal  Kayal  Lower  School,  Scesnwioli,  Ac. 

With,  twelve  handEome  Colored  Haps, 

In  ona  vary  neat  royal  12ino.  Toinina,  catra  cloth. 

The  iTitiiDiite  conneo«on  of  Sacred  Hiskiry  wUIi  th«  s^ograplij  and  phyaicEiI 
features  of  the  yarions  loadB  occupied  hy  the  Israalitee,  renders  a  work  Hks  the 
present  an  almost  neoeaaary  oompaniou  to  all  who  desira  to  lead  the  Soriptnrea 
undei'standiDgly.  To  the  young,  aapaoially,  a  oleai  and  oonneotod  narratire  of 
the  eventa  reoorded  in  tha  Bible,  ia  esoeadingly  deairable,  parKoalnrly  when 
illnsWated,  as  in  tlie  present  Tolnme,  with  auocmot  but  eoplons  aooounts  of  tha 
neighboring  nationa,  and  of  the  topography  and  politioal  divisions  of  the  oonntriea 
menUoned,  coupled  with  the  resnlCa  of  the  latest  invehlgatlons,  hy  which  Messrs. 
Layard,  Lynch,  Olin,  Durbln,  Wilson,  Stephens,  and  others,  have  snoeaeded  in 
throwing  light  on  so  many  obaoure  portions  of  the  Scriptures,  veiitiying  its  BjKm- 
racy  in  minute  particulars.  Few  more  interesting  olass-books  could  therefore  be 
found  for  schools  where  the  Sible  forms  a  part  of  education,  aod-none,  perhaps, 
more  likely  to  prove  of  permanent  benefit  to  the  scholar.  The  influence  which 
the  phyaienl  geography,  climate,  and  prodnoUona  of  Paleatine  had  upon  the  Jewish 
people  will  be  found  fully  set  forth,  whila  the  numerous  maps  present  the  various 
regioQB  oonncotod  with  tha  subject  at  theic  moat  prominent  periods. 

We  have  given  it  condaenAle  eiamfnation,  and  have  teen  very  ftvoraUj  Imprefsed  with 
it  A9  a  voTk  of  rrtre  evcelleDce,  nad  bb  veri  caloiilAtad  to  answer  a  demand^  wMoh,  so  far  aa 
oui  knowledge  extends,  hae  never  yet  beeo  folly  aceoiopllshed. — SvangeUaa  S^omifri/. 

\Vc  bave  read  it  with  care,  and  cru  FGeommend  it  witli  confidence.  Indaed,  we  do  not 
Imow  of  a  more  mnveniflnt  and  reliable  handbook  for  a  pastor,  Bund^-Bchool  t^Tier,  or  a. 
general  student  tfl  refer  to  fljr  information  in  Tp^rd  to  Palaatiite,whetlierflB  to  itspl^Elcal 
features  or  its  geoeraphy,  its  climate  or  its  productions,  it?  post  Jiiatory  or  its  present  con- 
dltlou.~'^l£ir»  ItviTiifiirliBi. 

It  appeaia  to  eonlain,  Id  b  compresaod  «mn,  a  vaat  deal  of  important  and  accurate  geogm- 

meiils  entitle  it  to  I  all  all  hi,-  &)1  Im*  uramend  it  so  fee  as  opiiortunltj  offers.— .Pny. 
Samad  S.  Tumii   X  T  " 

Wohaveloobii     i  I      i  n  won  aa  possible  we  sbaU  malio  It  one  of  the 

ttxtbooksofou.      I  I  I  i™k  In  all  our  theological  insHtuUouB^Jfm. 

BTmu^FiMley  J-/  '     J 

fore  to  be  hope  il  that  it  will  receiTe  that  patronage  watch  it  bo  lii^ily  deservizH.— iieu.  Eli- 
pJialet  ^ott.  Bieiulira  of  Imm  CiJ!%f,  jV  T 

referen",  th^at'l  have  ^Med  it  tn  the  table  with  my  Bible,  as  an  aid  to  my  dally  Seiipture 
readJnga.  It  is  a  book  which  ought  to  be  In  tie  hands  of  every  biblical  Btudent,  and  I  can- 
not but  hope  that  it  will  hove  a  wide  drculation.  To  sudi  as  desire  to  borrow,  I  answer, 
"I  cannot  loan, it,  tbilam  oH^edtotalfer  toit  dailyl"— i^i;/'.  .E  .Bjeraa,  JVeiu  Oiiews. 

It  GomprlBeB  the  follefft  and  most  InstructlTe,  as  well  aa  the  most  attractive  course  of 
Icnaonsonltspartienlar  subjects  tbat  has  hithertc  boen  otfercdin  the  compasa  of  a  single 


5*  of  the  hiDd  which  pleases  me  so  well.— «^  Siwiemnl,  immas  0^^ 
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